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Introduction: Ambient air pollution exposure is significantly associated with 
increased posterior crossbite tendency. 
Purpose: The objectives of this study were to assess whether there was an 
association between exposure to ambient air pollution and skeletal and dental 
measurements of vertical and transverse dimension among adolescents in a clinical 
cohort in Southern California, and to determine what methods may be best suited for use 
in future research. 
Materials and Methods: 179 subjects’ addresses were geocoded and ambient air 
pollution exposure was calculated based on the Environmental Protection Agency’s 
(EPA) air quality and emissions databases. Vertical and transverse measurements made 
from subjects’ initial lateral cephalometric radiographs and study models were recorded 
for comparison of dental and skeletal morphology. In addition, residential history and 
other factors were evaluated by questionnaire to account for potential confounding 
variables. 
Statistical Analysis: Pearson’s r correlation and multiple linear regression analysis 
were used to adjust for confounding variables within our model and determine if an 
association existed between the pollution metrics and dental outcome variables. 
xiii 
Results: At a statistically significant level, a small negative association exists 
between pollution metrics: O3, PM2.5 NAA, PM2.5 N24HA and Molar Relation. Ethnicity, 
gender, indoor heating, and thumb-sucking were identified as significant confounding 
variables for inclusion in our model. 
Conclusions: Increased exposure to ambient air pollution results in a decrease in 
Molar Relation (greater crossbite tendency). More research is needed to determine the 
strength of this relationship and develop a model for predicting a patient’s risk of 
developing a respiratory-related malocclusion. 
.
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CHAPTER ONE 
INTRODUCTION 
 
Statement of Problem 
In recent years, there has been growing concern over the impact of air pollution 
on human health. Studies have shown that increased exposure to polluted air results in 
increased prevalence and severity of many respiratory problems (e.g. asthma).1-6 In turn, 
such respiratory problems have been associated with altering normal maxillofacial 
growth leading to malocclusion, specifically the characteristics of what has been termed 
“Respiratory Obstruction Syndrome,” characterized by anterior open bite, increased 
anterior face height, steep mandibular plane angle, narrow maxillary dental arch, and 
retrognathic mandible.7-11 With the prevalence of malocclusion on the rise,12-14 
identifying the environmental factors which may be involved in its etiology would aid 
orthodontists in determining treatment goals, designing proper mechanics, and predicting 
the stability of the final result.15 
Previous studies have been confined thus far, to examining either an association 
between air pollution and respiratory problems or respiratory problems and malocclusion. 
Studies involving respiratory problems are hindered because it is difficult to define, let 
alone quantify the severity of a breathing problem, especially in children.1 What has yet 
to be explored is a direct association between pollution and malocclusion.  
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The purpose of this study was twofold:  
1. To assess the association between ambient air pollution and the presence or 
severity of malocclusion as determined by radiographic and model measurements 
of skeletal and dental dimensions, respectively.  
2. To determine what methods may be best suited for use in future research, setting 
the stage for prospective cohort studies to develop a model for predicting a 
patient’s risk of developing a respiratory-related malocclusion. 
 
Hypothesis 
The null hypothesis in this study was: There is no association between exposure 
to ambient air pollution – including regional, local, and traffic-related pollutants – and 
skeletal and dental measurements of vertical and transverse dimension among adolescents 
in a clinical cohort in Southern California. 
The alternative hypothesis was: There is a significant association between 
exposure to ambient air pollution – including regional, local, and traffic-related pollutants 
– and skeletal and dental measurements of vertical and transverse dimension among 
adolescents in a clinical cohort in Southern California. 
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CHAPTER TWO 
REVIEW OF THE LITERATURE 
 
The Etiology of Malocclusion 
  Over the last century, many individuals have developed theories to explain the 
etiology of malocclusion, and there is continued debate among them as to the magnitude 
of the roles between genetics and the environment.15,16 Observed parent/child similarities, 
especially in cases of Class III malocclusions (e.g. the “Habsburg jaw”), have often led 
clinicians to believe that malocclusions are inherited. Scientific support for the genetic 
basis of malocclusion has historically been derived from studies examining malocclusion 
similarities between monozygotic twins.17 However, recent studies examining differences 
in twin malocclusions have led many to the conclusion that dental and maxillofacial 
growth is more strongly influenced by environmental factors than previously 
suspected.15,18,19 
 
Monozygotic Twin Studies and the Limits of Genetic Control 
  Current epidemiological studies of identical twins have demonstrated the extent to 
which epigenetic factors must be involved to account for the observed variability between 
monozygotic twin pairs.18-20 As model-fitting methods for twin data analysis have 
become more sophisticated, it has become possible to estimate the strength of genetic and 
environmental contributions within calculable confidence intervals. A study by 
Townsend et al.,18 summarized the findings from the Adelaide twin studies, which 
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showed high heritability estimates for tooth size and dental arch dimensions, but 
moderate to low heritability estimates for intercuspal distances and occlusal traits such as 
overbite and overjet, highlighting a strong environmental contribution to the observed 
variations. 
 
Environmental Effects on Malocclusion 
 The complexity of the relationship between genes and the environment in the 
etiology of malocclusion cannot be overstated. However, Mew et al.15 summarized it this 
way: “Because the genetic control of skeletal growth is not precise, the articulation of the 
teeth and jaws depends upon additional guidance from oral posture. Environmental 
factors disrupt resting oral posture, increasing vertical skeletal growth and creating a 
dental malocclusion, the occlusal characteristics of which are determined by inherited 
muscle patterns, primarily of the tongue.” 
 
The Importance of Maintaining an Intraoral Equilibrium 
  It has been shown in the literature that maintenance of a stable occlusion is 
dependent upon an equilibrium between all the factors that place forces on the teeth, i.e. 
tongue, lips, buccal musculature, periodontal ligament (PDL), etc.21 In a normal resting 
posture, the forces counterbalance each other resulting in a net force of zero on the 
teeth.11 Studies have shown that events which alter this equilibrium can have untoward 
effects on skeletal and dental development. Specific examples of posture-altering events 
include: mouth breathing, peri-oral lip strain, and habits such as thumb-sucking. Mouth 
breathing, in particular, leads to a lowered tongue position, resulting in a change in the 
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balance between forces surrounding the maxillary arch from the cheeks and tongue. With 
the tongue in a lowered position, the forces from the cheek go unopposed, resulting in a 
palatally-directed force on the premolars and molars. An excellent example of this 
principal used in reverse is Frankel’s functional regulator appliance, which by inhibiting 
pressure from the cheeks, allows the tongue to exert expanding pressure on the maxillary 
arch.22 
 
Ambient Air Pollution and Respiratory Health 
 The prevalence of respiratory illness has increased in the last decades, with the 
increased exposure to traffic-related air pollution as one speculative reason for this 
occurrence.2 There has been growing concern over the impact of air pollution on human 
health due to cumulative evidence documenting chronic effects on respiratory and 
cardiovascular health.23,24  
 The United States Environmental Protection Agency (U.S. EPA) has issued a 
statement noting, “Health studies have shown a significant association between exposure 
to fine particles and premature death from heart or lung disease. Fine particles can 
aggravate heart and lung diseases and have been linked to effects such as: cardiovascular 
symptoms, cardiac arrhythmias, heart attack, respiratory symptoms, asthma attacks, and 
bronchitis.”24 Numerous studies have reported adverse effects of air pollution on 
respiratory health in children and young adults including: doctor-diagnosed asthma,25 
asthma exacerbations,26 sensitization to pollen and outdoor allergens,27,28 reduced 
expiratory flow,3 decreased lung function,29,30 and restricted lung development.31-33  
 Length of exposure, age at exposure, increased exposure to allergens, psychosocial 
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stress, family history of asthma, and gender are important factors in determining the 
effect of air pollution on respiratory health.1,4,6,34 Children are more vulnerable with 
respect to air pollution because their lungs are not completely developed, they can have 
greater exposures than adults, and those exposures can deliver higher doses that remain in 
the lung for greater duration.6 During this critical period in childhood, even short-term 
injury to the developing lung by air pollutants could have lasting adverse effects on 
respiratory health.6 Fanucchi et al.,35 evaluated postnatal lung morphogenesis in infant 
monkeys, whose lung development is similar to humans. Airway morphology was 
evaluated at the end of 5 months of episodic exposure to 0.5 ppm ozone (O3) and 
compared to a non-exposed control group. What they discovered was that episodic 
exposure to environmental O3 significantly compromised postnatal lung morphogenesis. 
Smiley-Jewell at al.,36 observed that epithelium differentiation is halted at the time of 
injury, disrupting further lung development and function into adulthood. In fact, 
numerous studies have found altered lung function and development in children and 
young adults from the age of one through eighteen.1,3,4 
 
Indicators of Air Pollution 
  Today’s leading cause of air pollution is traffic-related emissions.23 Motor vehicles, 
power plants, wood burning, and certain industrial processes are all sources of “fine” 
particulate matter (PM2.5), particles less than 2.5 micrometers in aerodynamic diameter. 
Particles also form secondarily in the atmosphere through gas-to-particle conversion 
processes involving a complex interplay of physico-chemical factors. Due to their small 
size, fine particles are believed to pose the greatest health risks because: (1) they remain 
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airborne longer than coarse particles, therefore increasing the likelihood of exposure; (2) 
they have a large surface-to-volume ratio, which enhances their intrinsic toxicity due 
other hazardous substances they may carry adsorbed on their surface; and (3) they can 
lodge deeply into the lungs and even enter systemic circulation.24 Other indicators of 
ambient air pollution are PM10 (particles less than 10 micrometers in aerodynamic 
diameter), ozone (O3), nitrogen dioxides (NO2x), and sulfur oxides (SOx). These are 
known as background or regional pollutants as they tend to distribute pervasively over 
wide areas, exhibiting large-scale variation, and the potential damage caused by them is 
experienced at locations removed from the source.  
In contrast, local pollutants are subject to small-scale variation and the potential 
harm caused by them is experienced near the source of emissions. It is important then, to 
distinguish the contributions of local and/or mobile sources of air pollution from 
background or regional sources. Local sources include stationary facilities or processes 
that generate a significant amount of air pollution during manufacturing, power 
generation, heating, etc. Mobile sources include on or off-road vehicles, cars, trains, 
boats, etc.21 A commonly used approach to estimating exposure to local and mobile 
emissions consists of measuring residential distance to stationary point sources (e.g., 
industrial plants), major roadways, and by characterizing traffic density near locations of 
interest (e.g., home, school, workplace, etc.).6 
 
Geographic Information Systems 
 Recent studies have derived individual estimated exposure levels using 
geographic information systems (GIS)-based modeling. GIS is a system designed to 
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capture, store, manage, manipulate, analyze, and present different types of geographically 
referenced data. The key advantage afforded by the use of GIS in health studies resides in 
the enhanced flexibility to link, integrate, process and query disparate data sets pertaining 
to environmental and health elements. A particularly significant advantage of the 
application of GIS technology in epidemiologic research is the possibility of flexibly geo-
referencing the actual locations of subjects or patients and then seamlessly linking those 
locations with modeled exposure fields or specific sources.  
 Traditionally, data from the nearest air pollution monitoring site was used to 
estimate exposure using inverse distance methods. However, GIS provides the 
opportunity to implement sophisticated spatial models in order to predict pollutant 
concentration on a fine spatial scale, providing good approximations of long-term 
average exposures.4 Scientists from longstanding air pollution epidemiologic studies 
(e.g., Loma Linda University’s AHSMOG Study, Harvard’s ACS Study, or University of 
Southern California’s Children’s Study) are now routinely using GIS-based methods for 
exposure assessment. 
 Employing GIS-based modeling techniques, Morgenstern et al.2 recently 
identified a clear dose-response relationship for PM2.5 and sensitization to inhalant 
allergens. Other cohort studies of children living in southern California have discovered, 
using GIS modeling, that living within 500 meters of a freeway has resulted in significant 
deficits in lung function development.5 In addition, living within 300 meters of arterial 
roads or freeways is associated with an increased risk of asthma-related repeated hospital 
encounters in children under the age of 18,1 while those who reside within 75 meters of a 
major road are at increased risk of being diagnosed with asthma.4 
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Respiratory Obstruction Syndrome 
 In orthodontics, a significant number of studies have been dedicated toward 
understanding respiratory-related malocclusion. This is because both clinically and 
experimentally, asthma, allergies, nasorespiratory constriction, and mouth-breathing have 
been observed to disrupt normal resting posture contributing toward the development of a 
dolichofacial morphology, greater inclination of the palatal and mandibular planes, 
reduced posterior facial height, and a narrow posterior maxillary arch.7-11 This association 
has become so common in the literature that the term “Respiratory Obstruction 
Syndrome” has been developed to describe this set of characteristics.15 
 
Limitations of Respiratory Illness Studies 
  In a cross-sectional study by Souki et al.,7 they assessed the association between the 
severity of adenoid/tonsil obstruction or the presence of allergic rhinitis and the 
prevalence of class II malocclusion, anterior open bite and posterior crossbite in a sample 
of 401 children age 2-12 years. Their results showed that mouth breathing was associated 
with Class II malocclusion, anterior open bite, and posterior crossbite, however no 
association was found with the obstructive size of adenoids/tonsils or the presence of 
rhinitis.7 One possible reason for the negative association between allergic rhinitis and 
malocclusion may be because allergic rhinitis is difficult to diagnose, especially in young 
children. A similar finding was noted in a study by Chang et al.,1 who examined the 
association between neighborhood traffic burden and repeated acute respiratory illnesses 
requiring emergency department visits with a diagnosis of asthma. They found that living 
within 300 meters of arterial roads or freeways increases the risk for acute respiratory 
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symptoms requiring multiple hospital encounters in children ages 6-18, however no 
significant increase was observed for children 1-5 years old. They noted that asthma is 
relatively difficult to diagnose in young children, in part because it is difficult for them to 
accurately communicate symptoms and complete medical tests and also because they are 
more susceptible to lower respiratory infections whose asthma-like symptoms may lead 
to misdiagnosis.1  
11 
 
 
CHAPTER THREE 
MATERIALS AND METHODS 
 
Cohort Data 
Subjects for this study were randomly drawn from a sample of approximately 500 
patients enrolled in active treatment at the Loma Linda University (LLU) graduate 
orthodontic clinic during the month of August 2010. Inclusion criteria were: (1) 
adolescents aged 9-15, (2) enrolled in active treatment, (3) having diagnostic T1 (initial) 
models and cephalometric radiograph. Exclusion criteria were: (1) individuals with 
previous orthodontic treatment, (2) craniofacial malformations or syndromes (e.g. cleft 
lip/palate), and (3) history of a thumb or digit-sucking habit. Other reasons for exclusion 
were due to inability to geocode subjects’ addresses, missing radiographs or study 
models, or an incomplete questionnaire. 
The size of the LLU’s patient catchment area allowed us to include patients 
residing across a wide geographic span and exposure range. Based on the geocoding of 
residential and school locations for the entire sample of 366 patients, the estimated size of 
the LLU’s service area was approximately 98,963 km2, spanning across portions of San 
Bernardino, Riverside, Los Angeles, Orange, San Diego, Kern, Ventura, and Santa 
Barbara Counties (Figure 1). 
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Fig 1. Map of study area and approximate locations of the survey cohort. The letter “H” 
designates the location of LLU’s graduate orthodontic clinic. 
 
 
Orthodontic Data Collection 
 T1 (initial) lateral cephalometric radiographs and study models taken as part of 
routine admittance to the Department of Orthodontics were used. The lateral 
cephalometric radiographs were taken with a Sirona ORTHOPHOS XG (neXt 
Generation) Plus imaging system using SIDEXIS XG 2.4 software. Radiographs were 
then imported and traced in Dolphin Imaging 11.0 Premium. The cephalometric 
measurement used was the Steiner mandibular plane angle (MP-SN), as shown in    
Figure 2. T1 impressions taken with alginate and subsequently poured in stone were 
trimmed and soaped by a professional orthodontic laboratory. Intermolar width (IMW) 
and molar relation (MR) measurements were measured on the models with digital 
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calipers (Mitutoyo 6-inch Digital Caliper Model CD-6” C). Intermolar width was 
recorded by measuring from the central pit of the maxillary first molar to the central pit 
of the contralateral first molar. Molar relation was calculated by measuring the distance 
between the most buccal surfaces of the maxillary first molars and subtracting the 
distance between the most buccal surfaces of the mandibular first molars. 
  All measurements were performed by one examiner. Linear and angular 
measurements were made to the nearest 0.1 mm and 0.1 degree respectively. Reliability 
of landmark identification was verified by repeating measurements on 60 randomly 
selected subjects six months later (Table 3). Measurements were recorded in a Microsoft® 
Excel® for Mac 2011 spreadsheet (see Appendices A and B). 
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Fig 2. Diagrammatic representation of the cephalometric landmarks and angular 
measurement used in the craniofacial analysis. Tracing completed using Dolphin Imaging 
11.0 Premium. The following landmarks were identified: Sella (S), Nasion (Na), Gonion 
(Go), and Gnathion (Gn). The angle demonstrated is Steiner’s mandibular plane angle 
(MP-SN). 
 
 
 
Ethics and Confidentiality 
This study was approved by the Institutional Review Board (IRB) of Loma Linda 
University. All subjects gave written informed consent and authorization for use of 
protected health information (PHI) at the time they completed the questionnaire 
(Appendix C). Names were removed from the data set and a random number was 
assigned to each subject prior to being geocoded by the GIS technician. Addresses were 
used solely for the purpose of calculating individual exposure to ambient air pollution 
and were removed from the data set prior to statistical analysis. 
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Health and Residential History Questionnaire 
 The following data was obtained by reviewing the medical history and 
demographic forms filled out by parents or caregivers of the subjects upon routine 
admittance to the Department of Orthodontics and by reviewing a specially constructed 
questionnaire (see Appendix C): 
1.   Age 
2.   Gender 
3.   Ethnicity 
4.   Residential history and school location 
5.   Approximate time spent outdoors (per week) 
6.   First/second-hand smoke exposure 
7.   Exposure to household pets 
8.   Type of indoor fuel combustion 
9.   History of respiratory illness 
10. Familial history of respiratory illness 
11. History of thumb or digit-sucking habit 
12. Previous orthodontic treatment 
 
Pollution Metrics 
  ArcGIS software (Esri Inc., www.esri.com) was used to geocode residential and 
school addresses reported by subjects at enrollment and by questionnaire. Several 
indicators of ambient air pollution exposure were assessed, accounting for background, 
local, and mobile sources (Table 1).  
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Table 1. Summary of Pollution Metrics used to Characterize and Estimate Exposure of 
Subjects to Regional, Local, and Traffic-related Air Pollutants 
 
Pollution Metric Definition* Units Source 
PM2.5  
(NAA, N24HA) 
Exposure to particulate matter 
<2.5 μg in aerodynamic diameter 
compiled from data collected over 
2002-2009. 
 
micrograms 
per cubic 
meter (μg/m3) 
Background
O3 Ozone exposure, compiled from 
data collected over 1995-2009. 
 
parts per 
million (ppm) 
Background
Traffic Density The number of vehicles per day 
that travel within a 1-mile radius 
of subjects’ residence averaged 
over a 3-year period (2006-08). 
 
vehicles/day Mobile 
Road Density The length of roads (in miles) that 
travel within a 1-mile radius of 
subjects’ residence based on data 
from 2008. 
 
miles per 
square mile 
(mi/mi2) 
Local 
Proximity to 
Toxic Waste 
Sources 
Chemical exposure based on 
subjects’ location within a 1-mile 
radius of a toxic waste site 
weighted for the pounds of toxic 
waste emitted per year and the 
inhalation toxicity of chemicals 
being released. 
pounds per 
square 
kilometer per 
year 
(lbs/km2/yr) 
Local 
*Each pollution metric was weighted to account for residential history (current and 
previous residence), age, and time spent at school; resulting in a final time weighted 
exposure (EW). 
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  Each of these exposures was weighted to account for residential history, age, and 
time spent at school, resulting in a final time weighted exposure (EW) calculated for each 
subject using the following equation: 
EWi = [(EC)(TC/age)+(EP)(TP/age)][1-S]+[(ES)(S)] 
 Where EW is the total time weighted exposure, assigned to the i-th subject, EX is the 
exposure at their current location (C), previous location (P), or school (S), TX is the time 
(in years) spent at their current location (C) or previous location (P), age is the subject’s 
age (in years), and S is the percent of the subject’s lifetime spent at school, calculated 
according to the equation: 
S = [(9.5m)(4w)(5d)(7h)]/[(365d)(24h)] = 0.15 
 Conversely, 1-S is the percent of the subject’s lifetime not spent at school (e.g. 
spent at home). 
 
Background Air Pollution Sources 
 We estimated subjects’ exposure to ambient air pollutants using data collected 
over the air quality monitoring network dispersed across southern California. GIS-
derived geostatistical surfaces were linked with the subjects’ residential and school 
locations in order to assign exposure estimates to each subject. All exploratory spatial 
data analyses, cross-validations, and spatial interpolations, were performed with the 
Geostatistical Analyst, a software extension available from ArcGIS 10.  Exposure 
estimates were developed for the following air pollutants: 
 
 
18 
Particulate Matter 2.5 (PM2.5) 
  To derive exposure assessments, we interpolated PM2.5 data collected from 46 state 
and local district monitoring stations for the years 2002-09. Two PM2.5 metrics, anchored 
on the current National Ambient Air Quality Standards (NAAQS) framework, were 
developed: (1) the National Annual Average (NAA), and (2) the National High 24-Hour 
PM2.5 Average (N24HA) (see Figures 3,4). The NAA for PM2.5 is calculated based on the 
average of the year's quarterly averages. The N24HA captures extreme events and 
corresponds to the highest daily 24-hour PM2.5 average observed in a given year. Both 
measures are used as a basis for federal designation of nonattainment areas. A given 
location is in violation of the NAA or the N24HA NAAQS if PM2.5 concentrations 
exceed 15 or 65 micrograms per cubic meter, respectively.  
  A multi-year average was computed for each PM2.5 metric at each monitoring site 
and then two surfaces were interpolated using universal kriging (UK) and a radial basis 
function (RBF) multiquadric interpolator: one based on the average of the NAA over the 
years 2002-09 and another based on the average of the N24HA over the years 2002-09. 
Since PM2.5 Kmonitoring data are very sparse prior to the year 2001, interpolations were 
based on data collected over the years 2002 to 2009. Kriging interpolation, a stochastic 
method, tends to produce the best linear unbiased estimation of the air pollution field.37 
However, after crossvalidation, following Jerrett et al.,38 a combination of UK and 
multiquadric RFB was used. This approach leverages the local detail in the RFB surface 
and the general trend in the UK surface. Estimated UK and RFB surfaces for the NAA 
and N24HA metrics were averaged based on 500-m grid cells. 
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Fig 3. Map illustrating the hybrid kriging-multiquadric PM2.5 National Annual Average 
(μg/m3) exposure surface based on monitoring data collected over the years 2002-2009. 
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Fig 4. Map illustrating the hybrid kriging-multiquadric PM2.5 24-hour (μg/m3) exposure 
surface based on monitored data collected over the years 2002-2009. 
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Ozone (O3) 
  For O3, data from the California Air Resources Board air quality database for 112 
sites dispersed across the study area were also obtained (Figure 5). An ozone surface was 
interpolated using a UK exposure model based on the expected peak daily concentration 
(EPDC), which is a statistical measure designed to assess the likely exceedance of the 8-
hour ozone average concentration at a given site based on the previous 3 years.  The 
EPDC captures extreme events and represents a robust index for estimating stable spatial 
patterns of likely ozone exceedances.  Year-specific EPDC values at each monitoring 
station were averaged over the period 1995-2009 and then interpolated. 
 
Fig 5. Map illustrating the kriging O3 (ppm) exposure surface based on monitoring data 
for the years 1995-2009.  The interpolated ozone parameter was the Expected Peak Daily 
Concentration (EPDC) in ppm. 
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Local Stationary Sources 
Proximity to Toxic Waste Sources 
 Data on local exposures to hazardous waste and other sources of air toxics were 
obtained from Toxic Release Inventory (TRI) for the years 1996 to 2009 (Figure 6). The 
TRI database is maintained by the US EPA and contains information on the quantity of 
certain chemicals released into the environment by toxic waste facilities in the U.S.39 
While the TRI database only includes large facilities, it does give a reasonable 
approximation of the amount of such activity in a neighborhood.40 The air pollution 
metric created was the pounds of toxic waste emitted per year, weighted by the inhalation 
toxicity of each particular chemical. 
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Fig 6. Map of exposure to local sources of toxic waste modeled by applying a 1-mile 
kernel density function to EPA’s Toxic Release Inventory dataSites, zoomed into 
Southwestern San Bernardino County. Blue lines delineate counties. Each circle 
represents a 1-mile radius around each toxic waste site with the facility located at the 
center. A color gradient from yellow to red indicates the amount of exposure to toxins, 
with the darker red representing greatest exposure. In addition, the taller the cone, the 
greater the exposure. 
 
 
 
 Briefly, the procedure for creating this measure is as follows. First, for every year 
of emissions data, the location of each site was geocoded according to the EPA-supplied 
coordinates. Second, a measure was developed that aggregated the emissions per year by 
TRI location, taking into account the toxicity of the particular chemicals being released 
by multiplying the pounds of each chemical released by a unique inhalation toxicity score 
using the Risk-Screening Environmental Indicators tool constructed by the U.S. EPA (see 
http://www.epa.gov/opptintr/rsei/ for more information on the RSEIs tool).41 Third, a 
kernel density function (KDF) implementing a one-mile radius neighborhood was applied 
to the set of TRI locations operating a given year to model the area impacted by the toxic 
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waste released from each site. In this manner, a KDF-based surface was produced for 
each year for which TRI data were available.  
 Although the area impacted by toxic waste varies according to the chemical 
involved and local meteorology, a KDF based on one-mile neighborhoods was chosen 
since this distance has been validated as a reasonable approximation of the geographic 
dispersion of the impact from these sources.42.43 Prior studies proceed by apportioning the 
estimated amount of toxic waste to the exposed populations near the TRI facilities under 
the assumption that the concentration of the emitted chemicals is constant within the one-
mile buffer defined around each site. The KDF however more realistically models the 
dispersion of pollutants away from the source as it is a distance-decay function which 
produces an exposure field (or virtual landscape) across which emissions peak at the top 
of a series of bell-shaped domains centered at the exact locations of the TRI facilities, 
then gradually decrease within one mile around each site, and drop to zero beyond that 
distance.  
 Finally, each of the KDF yearly surfaces were individually overlaid with the GIS 
layers representing the residential history of the patients in order to assign the exposures 
related to the emissions from TRI facilities located within one mile of the home and 
school locations. In regions where TRI sites were in close proximity, the amounts of toxic 
waste modeled through the KDF were summed up at locations where the one-mile 
neighborhoods around each facility overlapped. This ensured that subjects who reside or 
attend school at points located under two (or more) KDF-derived toxic waste bell-shaped 
domains are assigned exposure estimates based on the impact of all of the facilities found 
within one mile of home and school locations. For each patient, the total exposure 
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resulted from cumulating the KDF-modeled pounds of toxic waste released per year by 
nearby TRI facilities throughout his/her residential history. 
 
Mobile Sources 
 
  To assess the impact of local traffic, two metrics were constructed: road density 
(RD) and traffic density (TD). RD approximates the density of the transportation network 
near residential and school locations, while TD provides an estimate of traffic volume 
along roadways. In other words, RD assesses whether patients live near major roads, 
while TD qualifies how busy those roads are.  
  It is assumed that patients who live near busy roads experience greater exposure to 
traffic-related emissions, compared to those who live further away. RD and TD 
approximated exposure to traffic pollution, which may exert independent effects in 
addition to pollutants such as PM2.5 and O3, which vary over larger areas. 
 
Road Density (RD) 
  Freeways and major roads were identified according to the U.S. Bureau of the 
Census feature class codes,44 and extracted from a GIS database (i.e. Streetmap, which is 
based on commercial street data from NAVTEQ and Tele Atlas/TomTom for the United 
States, www.Esri.com/data/streetmap). Using GIS-based geoprocessing tools, the total 
length (in miles) of all major road segments within a 1-mile radius of residential and 
school locations was summed and this value was then assigned to each patient. 
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Traffic Density (TD) 
  Traffic density was used to examine the effect of modeled estimates of levels of 
exposure that accounted for traffic volume to see if there was a consistent pattern of 
associations with respect to those potentially observed with the simpler RD metric 
(Figure 7). Like in the case of the RD metric, the one-mile buffer distance around each 
subject’s residence and school was selected based on recent findings from USC’s 
Children Study, which found an elevation of adverse respiratory outcomes among 
children residing within 1,500 meters of freeways in southern California.    Annual 
average daily traffic (AADT) volumes were obtained from the California Department of 
Transportation Highway Performance Monitoring System.45 AADT values for the years 
2006-2008 were averaged and chosen to represent exposure in the cohort prior to 
enrollment. Traffic volumes were then transferred into a GIS point data layer.  
Residential exposure to local traffic-related pollutants was calculated through the 
following traffic density (TD) equation, which incorporates vehicle counts data:  
TDi = [AADTTotal/ πr2] 
Where TDi is the traffic density (in vehicles per square mile) assigned to the i-th subject, 
AADTTotal is the annual average of the number of vehicles circulating daily on roadways 
within one mile of the subject’s location, and r = 1 mile. 
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Fig 7. Map of Traffic Density (TD), zoomed into Southwestern San Bernardino County. 
Blue lines delineate counties, while violet lines are federally designated freeways or 
major roads. Each circle represents a 1-mile radius around each residence. TD values 
range from 8656 to 1646090 vehicles/day, increasing as shaded circles transform from 
light tan to deep red. 
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Statistical Analysis 
 Raw data was exported from the Microsoft® Excel® for Mac 2011 spreadsheet and 
imported into the SAS v. 9.2 and SPSS v 19.0 (IBM corporation) software packages for 
statistical analysis. Standard descriptive statistics (means and standard deviations) were 
calculated for all measurements. A p-value of α < 0.05 was considered statistically 
significant. 
 Reliability of linear and angular measurements was evaluated using Cronbach’s 
alpha. Measurements were repeated on 30% of the subjects (n=60) with an interval of 6 
months between measurements. A Cronbach’s alpha of 0.8 to 1.0 was considered a strong 
correlation. 
This was a cross-sectional study design. Given that the sets of dependent variables 
(MP-SN, Molar Relation, and Intermolar Width) and independent variables (PM2.5, O3, 
and other pollution metrics) were measured on a continuous scale, statistical analysis 
included Pearson’s r correlation and multiple linear regression analysis. The linear 
regression allowed us to adjust for confounding variables within our model and determine 
if an association existed between the dependent and independent variables. We employed 
a univariate approach using the SPSS statistical software to select the variables for 
inclusion in our model. This involved logging likelihood ratios, looking at which models 
had a greater than 10% change with pollutant variables. Once we identified the variables 
that were significant predictors of our outcome variables, we compared the performance 
of alternative model specifications in order to arrive at a final predictive model for 
assessing the association between malocclusion and exposure to ambient air pollutants, 
adjusting for the important confounding factors. 
29 
 
 
CHAPTER FOUR 
RESULTS 
 
Study Population 
The population for this study consisted of 179 patients enrolled in active treatment 
at LLU’s graduate orthodontic clinic during the month of August 2010, representing an 
area approximately 98,963 km2, and spanning seven counties in southern California: San 
Bernardino, Riverside, Los Angeles, Orange, San Diego, Kern, Ventura, and Santa 
Barbara counties (Figure 1). A total of 366 subjects were initially included in this study, 
179 of which completed a questionnaire. In order to take advantage of the information in 
the questionnaire, only subjects who completed questionnaires were included in the final 
analysis. Mean age of our population was 13.7 ± 1.5 years. Baseline characteristics of the 
179 subjects included in our study are presented in Table 2.  
It is interesting to note that the reported incidence of asthma in our study was 
significantly higher (19%) than the state and national averages (11.9% and 10.1% 
respectively).46 In addition, our mean MP-SN was higher (33.9 ± 6) and MR lower (2.1 ± 
2) than reported Caucasian norms (32 ± 4 and 3 ± 3 respectively).47 Pollution metrics 
generally followed a normal distribution pattern, however TD and TRI were positively 
skewed, and therefore logarithmically transformed in order to approximate a normal 
distribution pattern and improve linearity (Figures 8-13). Once transformed, (ln)TRI 
appeared to take on a somewhat bimodal distribution, therefore we did not include TRI in 
our final model. 
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Table 2. Baseline Characteristics of the Study Population 
 
Characteristics Total 
(N = 179) 
Age (yrs) 
 
13.7 ± 1.5 
Sex 
   Male 
   Female 
 
 
72 (40.2) 
107 (59.8) 
Ethnicity 
   Caucasian 
   Hispanic 
   Other 
 
 
82 (45.8) 
66 (36.9) 
31 (17.4) 
Hours Outdoors 
<12 hrs 
12-24 hrs 
>24 hrs 
 
 
63 (35.2) 
72 (40.2) 
34 (19.0) 
Indoor Pets 
   Yes 
   No 
 
 
126 (70.4) 
53 (29.6) 
Years Living with Smoker 
   None 
   ≤5 yrs 
   >6 yrs 
    
 
134 (74.9) 
24 (13.4) 
19 (10.7) 
Heating Used 
   None 
   Gas 
   Other 
 
 
5 (2.8) 
161 (89.9) 
13 (7.3) 
Asthma 
   Yes 
   No 
 
 
34 (19.0) 
145 (81.0) 
 
Allergies 
   Yes 
   No 
 
 
55 (30.7) 
124 (69.3) 
Family History of Asthma 
   Yes 
   No 
 
47 (26.3) 
132 (73.7) 
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Table 2 continued. Baseline Characteristics of the Study Population 
 
Characteristics Total 
(N = 179) 
Family History of Allergies 
   Yes 
   No 
 
 
64 (35.8) 
115 (64.2) 
O3 (ppb) 
 
127.6 ± 37.7 
PM2.5 Annual Avg (μg/m3) 
 
14.8 ± 5.0 
Traffic Density (# cars/day) 
 
37,163.2 ± 1.3 E5 
Road Density (mi/mi2) 
 
13.5 ± 8.45 
Proximity to Toxic Waste Sources 
(lbs/km2/yr) 
 
1.1 E3 ± 4.6 E3 
MP-SN 
 
33.9 ± 5.5 
MR 
 
2.1 ± 2.3 
IMW 45.8 ± 2.7 
Note: Continuous variables expressed as mean ± standard deviation; 
categorical variables, as number (column percentage). For continuous 
outcomes, comparison using analysis of variance. For categorical 
outcomes, comparison using x2 test. Some columns do not add to 100% 
because of missing data. 
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Histograms 
 
 
 
Fig 8. Histogram depicting O3 exposure for study population. 
 
 
 
 
 Fig 9. Histogram depicting PM2.5 NAA exposure for study population. 
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Fig 10. Histogram depicting PM2.5 N24HA exposure for study population. 
 
 
 
 
Fig 11. Histogram depicting Road Density for study population. 
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Fig 12. Histogram depicting (ln)Traffic Density exposure for study population. 
 
 
 
 
Fig 13. Histogram depicting (ln)TRI exposure for study population. 
35 
Reliability 
 
The coefficients of Cronbach’s alpha are shown in Table 3, demonstrating high 
reliability for the three cephalometric and model measurements with narrow confidence 
intervals. 
 
 
  Table 3. Reliability: Cronbach’s Alpha 
Measurement 
 
Cronbach’s Alpha 95% Confidence Interval 
Lower Bound Upper Bound 
MP-SN 0.996 0.993 0.998 
MR 0.999 0.999 1.000 
IMW 0.999 0.998 0.999 
 
 
 
Pearson’s r Correlation 
 
 Pearson’s r correlation coefficient was used to assess the correlation between air 
pollution metrics and orthodontic measurements. This allowed us to select specific dental 
outcome variables for inclusion in our pollutant models. In addition, it aided in 
determining which variables were highly correlated and avoided problems with 
multicolinearity in our models. 
Of the orthodontic measurements, only MR and PM2.5 exhibited a statistically 
significant correlation, with a correlation coefficient of -0.148. MR also weakly 
correlated with O3 and (ln)TD, although the correlation did not reach statistical 
significance. This was also true for IMW and RD.  
Among air pollution metrics, a strong correlation was observed between PM2.5 
and O3, a moderate correlation existed between (ln)TD and RD, and a weak correlation 
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existed between the other air pollution metrics (α < 0.05), see Table 4. Because several 
air pollutants demonstrated moderate to high correlation, we decided to construct only 
single-pollutant models in our study. 
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Table 4. Pearson’s r: Correlations between Air Pollution Metrics and Orthodontic 
Measurements 
 
Variable O3 PM2.5 
NAA 
(ln)TD RD (ln)TRI 
O3 
Pearson 
Correlation 
Sig. (2-tailed) 
 
 
 
1 
 
 
0.914** 
0.000 
 
 
0.153 
0.113 
 
 
0.195** 
0.009 
 
 
0.174 
0.120 
PM2.5 NAA 
Pearson 
Correlation 
Sig. (2-tailed) 
 
 
 
0.914** 
0.000 
 
 
1 
 
 
0.222* 
0.021 
 
 
0.275** 
0.000 
 
 
0.277* 
0.012 
(ln)TD 
Pearson 
Correlation 
Sig. (2-tailed) 
 
 
 
0.153 
0.113 
 
 
0.222* 
0.021 
 
 
1 
 
 
0.445** 
0.000 
 
 
0.147 
0.268 
RD 
Pearson 
Correlation 
Sig. (2-tailed) 
 
 
 
0.195** 
0.009 
 
 
0.279** 
0.000 
 
 
0.445** 
0.000 
 
 
1 
 
 
0.170 
0.129 
(ln)TRI 
Pearson 
Correlation 
Sig. (2-tailed) 
 
 
 
0.174 
0.120 
 
 
0.277* 
0.012 
 
 
0.147 
0.268 
 
 
0.170 
0.129 
 
 
1 
MP-SN 
Pearson 
Correlation 
Sig. (2-tailed) 
 
 
 
0.018 
0.808 
 
 
0.080 
0.290 
 
 
0.105 
0.279 
 
 
0.024 
0.749 
 
 
0.094 
0.405 
MR 
Pearson 
Correlation 
Sig. (2-tailed) 
 
 
 
-0.128 
0.089 
 
 
-0.148* 
0.048 
 
 
0.167 
0.084 
 
 
-0.072 
0.336 
 
 
0.019 
0.869 
IMW 
Pearson 
Correlation 
Sig. (2-tailed) 
 
 
0.068 
0.368 
 
 
0.031 
0.682 
 
 
0.063 
0.516 
 
 
0.128 
0.087 
 
 
-0.179 
0.110 
*Correlation is significant at the 0.05 level (2-tailed). 
**Correlation is significant at the 0.01 level (2-tailed). 
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Association Between Air Pollutants and Dental Variables 
 
Univariate Analysis 
 Univariate analysis was used to identify which dental outcome variables 
demonstrated a significant relationship with our pollution metrics. From this analysis we 
observed that MR demonstrated a slight negative correlation with both PM2.5 NAA and 
PM2.5 N24HA, which was statistically significant (α < 0.05). In addition, correlations 
were observed between MR and pollution variables: O3, and (ln)TD although they were 
not statistically significant (α = .089 and α = .084, respectively). IMW and RD showed a 
weak correlation, although it was not statistically significant (α = .087). There were no 
significant relationships between our pollution metrics and MP-SN. Table 5 demonstrates 
the pollution metrics (MR and IMW) that had a statistically significant relationship or 
nearly-significant relationship with dental outcome variables. 
 Having identified MR and IMW as having a significant relationship with our 
pollution metrics, we focused on creating single-pollutant models for these two variables. 
MP-SN showed no significant relationship with our pollution metrics, and was therefore 
excluded from our single-pollutant models. 
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Table 5. Univariate Analysis: Identification of Pollution Metrics that have a Significant 
Relationship with Dental Outcome Variables 
 
Model Unstandardized 
Coefficients 
Standardized 
Coefficients 
Sig. 95% Confidence 
Interval for B 
 
B Std.  
Error 
Beta Lower 
Bound 
Upper 
Bound 
Molar Relation (MR) 
 
    
O3 
 
-7.757 4.529 -.128 .089 -16.694 1.181 
PM2.5 
NAA 
 
 
-.068 
 
.034 
 
-.148 
 
.048 
 
-.135 
 
-.001 
PM2.5 
N24HA 
 
 
-.021 
 
.009 
 
-.163 
 
.030 
 
-.039 
 
-.002 
 
(ln)TD 
 
 
.327 
 
.187 
 
.167 
 
.084 
 
-.045 
 
.698 
 
RD 
 
 
-.020 
 
.020 
 
-.072 
 
.336 
 
-.060 
 
.020 
Intermolar Width (IMW) 
 
    
RD .041 .024 .128 .087 -.006 .089 
 
 
 
 We also employed univariate analysis to identify potential confounding variables 
(from questionnaire) for inclusion in our final model, by selecting variables whose 
removal from the full model led to 10% or greater change in our B estimate for pollutant 
variables. This method was repeated for each combination of pollution metric (O3, PM2.5 
NAA, PM2.5 N24HA, TD, and RD) and dental variable (MR and IMW). From this 
approach we were able to identify several significant predictors of the dental outcome 
variables. Table 6 demonstrates the significant and nearly-significant predictors identified 
for inclusion in our MR – PM2.5 model. Table 7 summarizes the significant and nearly-
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significant predictors identified for inclusion in all our single-pollutant models. From the 
univariate analysis, we found that age was not a significant predictor of the dental 
outcome variables. However, gender was significant for some pollutant variables. 
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Table 6. Univariate Analysis of MR – PM2.5 Covariates: Identification of Significant 
Confounding Variables from Questionnaire 
 
 Model Unstandardized 
Coefficients 
 
Standardized 
Coefficients 
Sig. 95% Confidence 
Interval for B 
B Std. 
Error 
Beta Lower 
Bound 
Upper 
Bound 
MR – PM2.5 NAA 
 
    
Female 
 
-.576 .346 -.124 .098 -1.259 .108 
Caucasian 
 
-.752 .343 -.164 .030 -1.429 -.075 
Indoor Heating (Gas) 
 
.976 .564 .129 .085 -.137 2.090 
Indoor Heating (Other) 
 
-1.260 .659 -.143 .057 -2.561 .040 
Thumb-sucking (Yes) -1.469 .589 -.184 .014 -2.631 -.306 
 
 
Table 7. Univariate Analysis: Summary of Significance for Confounding Variables from 
Questionnaire for MR and IMW with Five Pollutant Metrics 
 
 
 
 
  
Variables Female Caucasian Other 
Ethnicity 
(Non-
Caucasian/
Hispanic) 
Indoor 
Heating 
(Gas) 
Indoor 
Heating 
(Other) 
Thumb-
Sucking 
(Yes) 
MR       
   O3 0.116 0.053 0.235 0.070 0.051 0.017 
   PM2.5 NAA 0.098 0.030 0.221 0.085 0.057 0.014 
   PM2.5 N24HA 0.111 0.031 0.204 0.092 0.062 0.013 
   TD 0.103 0.039 0.261 0.905 0.513 0.026 
   RD 0.070 0.042 0.277 0.092 0.082 0.016 
IMW       
   RD 0.000 0.012 0.029 0.184 0.320 0.257 
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Single-Pollutant Models 
 In the multivariable adjusted model, significant association was found between 
the levels of O3, PM2.5 NAA, PM2.5 N24HA and MR (Tables 8-10). While the observed 
association was low, confidence intervals did not contain zero. In addition, an association 
was observed between RD and MR as well as RD and IMW, however results were not 
statistically significant (Tables 12,13). No association was observed in the model for TD 
and MR (Table 11). The R2 and adjusted R2 for our single-pollutant models were very 
low (1-5%), indicating that there is still a lot of variability that remains to be accounted 
for. 
 In adjusting for confounding variables, Caucasian, indoor heating (gas), and a 
history of thumb-sucking were found to be the most significant predictors of our outcome 
variables. Thumb-sucking was generally the most significant predictor, followed by 
indoor heating (gas), and Caucasian. 
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Table 8. Multivariable Adjusted Single-pollutant Model for O3 and MR 
Model Unstandardized 
Coeff. 
Standardized 
Coeff. 
Sig. 95% Confidence 
Interval 
Potential 
Confounder 
% 
B Std. 
Error 
Beta Lower 
Bound 
Upper 
Bound 
(Constant) 
 
 
4.098 1.731  .019 .680 7.516  
O3 -9.135 4.460 -.150 .042 -17.938 -.332  
Age -.098 .109 -.065 .372 -.314 .118 .88 
Female -.451 .341 -.097 .188 -1.123 .222 4.85 
Caucasian -.715 .343 -.156 .039 -1.392 -.037 -15.24 
Indoor 
Heating 
(gas) 
 
1.326 .567 .175 .020 .207 2.444 -19.10 
Thumb-
sucking 
(Yes) 
-1.291 .588 -.161 .029 -2.451 -.131 4.02 
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Table 9. Multivariable Adjusted Single-pollutant Model for PM2.5 NAA and MR 
Model Unstandardized 
Coeff. 
Standardized 
Coeff. 
Sig. 95% Confidence 
Interval 
Potential 
Confounder 
% 
B Std. 
Error 
Beta Lower 
Bound 
Upper 
Bound 
(Constant) 
 
 
4.254 1.714  .014 .871 7.637  
PM2.5 -.085 .034 -.186 .012 -.151 -.019  
Age -.097 .109 -.064 .376 -.311 .118 .75 
Female -.463 .338 -.099 .173 -1.130 .204 2.64 
Caucasian -.801 .345 -.175 .022 -1.483 -.119 -22.77 
Indoor 
Heating 
(gas) 
 
1.296 .560 .171 .022 .190 2.401 -9.35 
Thumb-
sucking 
(Yes) 
-1.327 .584 -.166 .024 -2.479 -.176 .64 
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Table 10. Multivariable Adjusted Single-pollutant Model for PM2.5 N24HA and MR 
Model Unstandardized 
Coeff. 
Standardized 
Coeff. 
Sig. 95% Confidence 
Interval 
Potential 
Confounder 
% 
B Std. 
Error 
Beta Lower 
Bound 
Upper 
Bound 
(Constant) 
 
 
4.209 1.705  .015 .843 7.575  
PM2.524 -.024 .009 -.190 .010 -.043 -.006  
Age -.088 .109 -.059 .420 -.303 .127 1.58 
Female -.440 .338 -.094 .195 -1.107 .228 3.62 
Caucasian -.783 .343 -.171 .024 -1.461 -.105 -18.57 
Indoor 
Heating 
(gas) 
 
1.260 .558 .166 .025 .158 2.362 -6.21 
Thumb-
sucking 
(Yes) 
-1.339 .583 -.167 .023 -2.489 -.188 -.04 
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Table 11. Multivariable Adjusted Single-pollutant Model for TD and MR 
Model Unstandardized 
Coeff. 
Standardized 
Coeff. 
Sig. 95% Confidence 
Interval 
Potential 
Confounder 
% 
B Std. 
Error 
Beta Lower 
Bound 
Upper 
Bound 
(Constant) 
 
 
4.672 3.071  .131 -1.419 10.763  
TD .150 .187 .077 .423 -.220 .521  
Age -.237 .152 -.144 .123 -.539 .065 15.13 
Female -.817 .475 -.160 .089 -1.759 .126 19.19 
Caucasian -.928 .477 -.185 .054 -1.873 .018 34.91 
Thumb-
sucking 
(Yes) 
-1.610 .756 -.198 .036 -3.109 -.110 20.25 
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Table 12. Multivariable Adjusted Single-pollutant Model for RD and MR 
Model Unstandardized 
Coeff. 
Standardized 
Coeff. 
Sig. 95% Confidence 
Interval 
Potential 
Confounder 
% 
B Std. 
Error 
Beta Lower 
Bound 
Upper 
Bound 
(Constant) 
 
 
3.553 1.691  .037 .215 6.891  
RD -.034 .020 -.126 .093 -.074 .006  
Age -.100 .110 -.067 .362 -.317 .116 .62 
Female -.548 .342 -.118 .110 -1.223 .126 -7.55 
Caucasian -.760 .351 -.166 .032 -1.454 -.067 -42.08 
Indoor 
Heating 
(gas) 
 
1.275 .567 .168 .026 .156 2.395 -18.51 
Thumb-
sucking 
(Yes) 
-1.299 .590 -.162 .029 -2.463 -.134 4.87 
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Table 13. Multivariable Adjusted Single-pollutant Model for RD and IMW 
Model Unstandardized 
Coeff. 
Standardized 
Coeff. 
Sig. 95% Confidence 
Interval 
Potential 
Confounder 
% 
B Std. 
Error 
Beta Lower 
Bound 
Upper 
Bound 
(Constant) 
 
 
45.740 2.663  .000 40.433 51.047  
RD .057 .031 .186 .071 -.005 .120  
Caucasian -1.740 .591 -.289 .004 -2.918 -.561 8.68 
Age .020 .184 .011 .915 -.347 .387 .80 
Female -2.100 .578 -.365 .001 -3.251 -.948 11.25 
Indoor 
Heating 
(gas) 
 
1.258 .853 .147 .144 -.442 2.959 13.14 
TRI -.096 .068 -.142 .165 -.232 .040 -239.56 
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CHAPTER FIVE 
 
DISCUSSION 
 
 
To our knowledge, no other study has assessed the impact of ambient air pollution 
on malocclusion. Findings from this study provide support for the hypothesis that there is 
a significant association between exposure to ambient air pollution and dental 
measurements of transverse dimension among adolescents in a clinical cohort in southern 
California. 
 
Statistical Significance 
 
 Correlation between PM2.5 and Molar Relation was low, but statistically 
significant (P < 0.048). The observed correlation was negative (r = -0.148), meaning as 
exposure to PM2.5 increases, Molar Relation decreases. Clinically, a decrease in Molar 
Relation is observed as an increased tendency toward posterior crossbite. In addition, a 
slight negative correlation was observed between O3 and Molar Relation, although it was 
not statistically significant (P < 0.089). 
 In the univariate analysis, MR and IMW were the only dental variables found to 
have an association with the pollution metrics. MP-SN showed no significant association, 
which may be due to the nature of the measurement. Since the angle MP-SN contains a 
portion of the cranial base and maxilla, it is possible that the effect is being diluted. 
Measuring lower face height could potentially resolve this problem. Employing the 
univariate approach to select the confounding variables for inclusion in our final model, 
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we logged likelihood ratios, looking for which models had a greater than 10% change 
with pollutant variables. From this technique we identified six potential confounding 
variables, which we included in our model (Table 7). 
In the multivariable adjusted single-pollutant models, a significant negative 
association was observed between O3, PM2.5 NAA, and PM2.5 N24HA and Molar Relation 
(α < 0.05). While confidence intervals for these air pollutants varied in width, they all 
demonstrated a negative association and did not contain zero. Therefore, we see that there 
is a significant negative association between our air pollution metrics and molar relation, 
however we are not confident of how strongly negative this association is. We also found 
a slight correlation between RD and MR and RD and IMW, although results of analysis 
did not reach statistical significance, they still may have clinical implications. Additional 
research is needed to further examine the nature of these relationships. 
Of the variables we adjusted for, thumb-sucking was the most predictive of a 
decrease in molar relation, followed by indoor heating (gas), and Caucasian. Age, 
although not statistically significant, remained in the model because in most studies it is 
standard procedure to adjust for age. Gender is also generally included in the model. In 
certain models, gender was found to be a significant factor. What remains to be explored 
is the interaction between these confounding variables. Increasing the sample size would 
enable future researchers to explore these questions. 
 
Clinical Significance  
 
 In our study an increase in posterior crossbite tendency correlated with an 
increase in exposure to O3, PM2.5 NAA, and PM2.5 N24HA. The mechanism through 
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which ozone and fine particulate matter works to promote adverse dental morphological 
development has not been previously addressed in the orthodontic literature. However it 
is well documented that increased exposure to airborne particulate matter increases 
susceptibility to respiratory illness,1-6 which can necessitate prolonged mouth breathing, 
in turn promoting development of malocclusion.7-11 Identifying factors associated with 
malocclusion in children and adolescents who seek orthodontic care may help to target 
interventions and counseling regarding prolonged respiratory illness and mouth 
breathing. 
 Of the variables we adjusted for, thumb-sucking was the most predictive of a 
decrease in molar relation, followed by indoor heating (gas), and Caucasian. There is 
general agreement in the literature that thumb-sucking increases the prevalence of 
posterior crossbites.48 Indoor heating appeared to have a protective effect on molar 
relation, which may be because gas burns cleaner than alternative forms of heating (e.g. 
wood/coal), although little research has been done to examine this relationship. 
Caucasian, as opposed to Hispanic, or other ethnicity demonstrated a slight negative 
correlation with MR, which appeared to significantly impact the single-pollutant model 
(>10%).  
 Cross-sectional studies confirm the general differences between ethnic groups in 
cephalometric measurements. Lavelle found an increased prevalence of crowding in a 
sample of 1,000 modern British Caucasoid due to reduced transverse occlusal 
measurements relative to the other four ethnicities in his cohort.49 
 The cohort of this study was unique in that the sample represented a defined 
population of children and adolescents, ages 9 to 15, from Loma Linda University’s 
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graduate orthodontic clinic. This age group is similar to the age group studied in the USC 
Children’s Health Study, which found air pollution effects to be most evident in children 
ages 10 to 14.50 Due to Loma Linda’s unique geographic location, exposure to ambient 
air pollution is particularly high compared to average exposures in the United States.51 
Children are more vulnerable with respect to air pollution because their lungs are not 
completely developed, they can have greater exposures than adults, and those exposures 
can deliver higher doses that remain in the lung for greater duration.6 During this critical 
period in childhood, even short-term injury to the developing lung by air pollutants could 
have lasting adverse effects on respiratory health.6  
 
Strengths and Weaknesses 
 
 Our study design has several strengths. Through use of the questionnaire, we were 
able to account for a portion of subjects’ residential history and daytime migration, which 
allowed us greater precision in exposure assignment. In general, other studies on the 
heath effects of air pollution only have access to ambient pollution concentrations at 
subjects’ current residence, which could potentially cause exposure misclassification. The 
questionnaire also provided information on important confounding variables (e.g. 
ethnicity, indoor heating, and thumb-sucking), which we were able to include in our 
linear regression model. By using five pollution metrics (PM2.5, O3, RD, TD, and TRI), 
we accounted for a significant portion of background, local, and mobile ambient air 
pollution exposures for our cohort.  
 Our study has a few limitations, which merit some discussion. Given that we had 
access only to patients currently attending Loma Linda University’s orthodontic clinic, 
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our sample size was limited. The sample had a relatively small number of subjects in 
certain categories of the questionnaire such as smoking, thumb-sucking, and asthma. 
Such characteristics were reported by parents and could not be directly validated. San 
Bernardino and the surrounding areas, where the majority of our patients reside, is well 
known for having some of the highest concentrations of ambient air pollution in the 
country,51 which may have limited exposure variability. However studies like the USC-
led Children’s Health Study, have managed to detect differences in lung function in 
children from a similar geographic area in southern California.52 Lastly, the time-
weighted equation applied to our pollution metrics in order to account for residential 
history and time spent at school could be refined to better represent the actual time 
subjects spent at each location. 
 
Areas for Further Study 
 The purpose of this study was to assess the association between ambient air 
pollution and the presence or severity of malocclusion and to determine what methods 
may be best suited for use in future research. This was a cross-sectional study. While we 
have demonstrated that there is a linear relationship in this interval of time in this cohort, 
it would be interesting to study the long-term effects of air pollution. Our study design 
sets the stage for prospective cohort studies to develop a model for predicting a patient’s 
risk of developing a respiratory-related malocclusion. 
Further research is needed to refine our study design. Other important areas to 
explore might involve expanding the number of orthodontic measures of malocclusion. 
Many respiratory illness studies have found associations not only with posterior crossbite, 
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but overbite, overjet, lower face height, mandibular retrognathia, and airway volume.7-11 
It is also important to consider additional cofounding variables, such as the genetic 
contribution towards specific facial types.  
Further analysis of the association between ambient air pollution and the 
development of malocclusion is warranted. We would recommend the following as 
potential follow-ups to this study: 
1. Increase the sample size and expand pollution demographics by performing a 
similar study on a separate cohort from an environment with little or no ambient 
air pollution for comparison. 
2. Consider other orthodontic measures of malocclusion (e.g. overbite, overjet, 
lower face height, airway measurements, Angle’s Classification of occlusion, etc.) 
3. Consider other possible confounding variables to include in the questionnaire. 
4. Transform the outcome variable into a dichotomous variable and perform a 
logistic regression analysis. 
5. Set standards for clinical significance, identify variables with a near-significant 
relationship, and increase the sample size accordingly. 
6. Compare survey and non-survey groups using the multiple imputation model to 
fill in the missing data for non-survey subjects from U.S. census data. 
7. Use the cohort from the USC Children’s Health Study. 
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Conclusions 
 The null hypothesis was rejected and we have shown that while the correlation 
between pollution metrics: PM2.5 NAA, PM2.5 N24HA and Molar Relation is low, it is 
statistically significant (P < 0.048 and P < 0.030, respectively). 
1. Further research is needed to confirm these findings, refine our study design and 
increase the power in order to determine the extent of correlation between 
ambient air pollution exposure and malocclusion. 
2. Our study design sets the stage for prospective cohort studies to develop a model 
for predicting a patient’s risk of developing a respiratory-related malocclusion. 
3. From a review of the literature, it is apparent that any changes in ambient air 
pollution could have important ramifications for the health of children and young 
adults.  
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APPENDIX A 
 
MAIN DATA 
 
 
Key for Main Data Tables 
 
Characteristics Units Definition 
Subject 
 
Numbered 1-500 Subject number 
Age 
 
Years Subject age 
Gender 
 
Coded 1-2 1 = Male, 2 = Female 
Ethnicity Coded 1-5 1 = Caucasian, 2 = Hispanic, 3 = Black, 4 = Asian, 
5 = Other 
 
Yrs w/Smoker Coded 1-5 1 = Not at all, 2 = Less than 1 Year, 3 = 1-5 Years, 
4 = 6-10 Years, 5 = Greater than 10 Years 
 
Indoor Pets Coded 1-2 1 = Yes, 2 = No 
 
Heating Used Coded 0-4 0 = None, 1 = Gas, 2 = Wood-burning 
stove/Fireplace, 3 = Coal/Oil, 4 = Other 
 
Other Heating Coded 0-4 0 = None, 1 = Gas, 2 = Wood-burning 
stove/Fireplace, 3 = Coal/Oil, 4 = Other 
 
Asthma Coded 1-2 1 = Yes, 2 = No 
 
Allergies Coded 1-2 1 = Yes, 2 = No 
 
Bronchitis Coded 1-2 1 = Yes, 2 = No 
 
Pneumonia Coded 1-2 1 = Yes, 2 = No 
 
Other Breathing 
Problems 
 
Coded 1-2 
1 = Yes, 2 = No 
 
 
Fam. His. 1 Asthma 
Coded 1-2 
1 = Yes, 2 = No 
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Characteristics Units Definition 
Fam. His. 2 Seasonal 
Allergies 
Coded 1-2 
 
1 = Yes, 2 = No 
 
Fam. His. 3 Bronchitis 
Coded 1-2 
 
1 = Yes, 2 = No 
 
Fam. His. 4 Pneumonia 
Coded 1-2 
 
1 = Yes, 2 = No 
 
Fam. His. 5 Other Breathing 
Problem 
Coded 1-2 
 
1 = Yes, 2 = No 
 
Smoker Coded 1-4 1 = No, 2 = Yes, just once, 3 = Yes, for 1-12 
months, 4 = Yes, for more than 1 year 
 
Thumb Sucking Coded 1-4 1 = No, 2 = Yes, but habit stopped before age 2, 3 
= Yes, habit existed beyond age 2 
 
Hrs Outside Coded 1-3 1 = Less than 12 Hours, 2 = 12-24 Hours, 3 = 
Greater than 24 Hours 
 
Road Density mi/mi2 Road Density 
 
TRI Life lbs/km2/yr Proximity to Toxic Waste Sources obtained from 
Toxic Release Inventory (TRI) database 
 
O3 ppb Ozone Exposure 
 
PM2.5 AA μg/m3 PM2.5 Annual Average 
 
PM2.5 24hr μg/m3 PM2.5 24hr Average 
 
TD #cars/day Traffic Density 
 
MP-SN degrees Steiner Mandibular Plane Angle 
 
MR mm Molar Relation 
 
IMW mm Intermolar Width 
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Main Data Tables 
 
Subject Age Gender Ethnicity Yrs w/ 
Smoker 
Indoor 
Pets 
Heating 
Used 
Other 
Heating 
Asthma 
4 15.5 1 2 5 1 1 0 0 
7 14.9 1 2 1 1 1 0 1 
8 11.1 1 5 1 2 1 0 1 
14 16.0 2 2 1 1 1 2 0 
15 14.5 2 2 1 2 4 0 0 
16 14.6 1 1 1 1 1 0 0 
18 11.7 1 1 1 2 1 0 1 
19 13.6 2 2  1 1 0 0 
20 14.1 2 1 3 1 1 0 0 
22 13.6 2 2 1 1 1 0 0 
23 10.4 2 2 1 2 1 0 0 
28 12.1 2 2 1 2 2 0 0 
35 14.4 1 2 1 1 1 0 0 
36 14.2 2 5 1 2 1 0 0 
38 15.5 2 5 1 1 1 1 0 
40 13.4 2 2 1 1 1 0 0 
42 14.8 1 2 1 1 1 2 0 
43 13.3 1 5 5 1 1 0 0 
44 15.0 1 1 1 2 1 0 0 
47 14.4 2 1 5 1 1 0 0 
58 14.6 2 1 1 1 1 2 0 
60 13.9 1 1 2 2 1 2 0 
61 13.7 2 5 1 1 1 0 0 
63 12.4 1 1 1 1 1 0 0 
64 13.7 2 1 1 1 1 0 0 
65 12.4 1 1 1 1 1 0 0 
68 12.5 2 1 4 2 1 0 0 
69 15.2 2 2 1 1 1 0 1 
70 12.7 2 1 1 2 1 0 0 
71 10.0 2 1 2 1 1 2 0 
72 13.5 1 3 1 1 1 0 0 
74 12.7 1 5 1 2 1 0 0 
77 11.0 2 1 3 1 1 0 0 
78 13.7 1 1 2 1 1 2 1 
79 15.0 1 5 1 1 1 2 0 
80 15.9 1 2 1 2 2 0 0 
81 12.3 2 2 1 2 2 0 0 
82 13.2 1 5 1 1 1 0 0 
83 14.0 2 2 4 1 1 2 0 
86 13.1 1 2 1 1 1 0 0 
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Subject Allergies Bronchitis Pneumonia Other 
Breathing 
Problems 
Fam. 
His. 1 
Fam. 
His. 2 
Fam. 
His. 3
4 1 1 0 0 0 0 1 
7 0 0 0 0 1 0 0 
8 1 0 0 0 1 1 0 
14 0 0 0 0 1 1 1 
15 0 0 0 0 0 0 0 
16 0 0 0 0 0 0 0 
18 1 0 0 0 0 0 0 
19 0 0 0 0 0 0 0 
20 0 0 0 0 0 1 0 
22 0 0 0 0 1 0 0 
23 0 0 0 0 0 1 0 
28 1 0 0 0 0 0 0 
35 1 0 0 0 0 0 0 
36 1 0 1 0 1 0 1 
38 1 0 0 0 0 1 0 
40 0 0 0 0 0 0 0 
42 0 0 0 0 0 0 0 
43 0 0 0 0 0 0 0 
44 0 0 0 0 0 0 0 
47 0 1 0 0 1 0 0 
58 0 0 0 0 0 0 0 
60 1 0 1 0 0 1 0 
61 0 0 0 0 0 0 0 
63 1 0 0 0 0 1 1 
64 1 0 1 0 0 1 1 
65 0 0 0 0 0 1 1 
68 0 0 0 0 0 0 0 
69 1 0 0 0 1 1 0 
70 0 0 0 0 0 0 0 
71 0 0 0 0 1 1 0 
72 1 0 0 0 0 1 0 
74 0 0 0 0 0 1 1 
77 0 0 0 0 0 0 0 
78 0 0 0 0 1 0 0 
79 1 1 0 0 0 1 0 
80 0 0 0 0 0 0 0 
81 0 0 0 0 0 0 0 
82 0 0 0 0 0 0 0 
83 0 0 0 0 0 1 0 
86 0 0 0 0 0 0 0 
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Subject Fam.  
His. 4 
Fam.  
His. 5 
Smoker Thumb 
Sucking 
Hrs 
Outside 
Road 
Density 
TRI Life
4 0 0 1 1  17.25 0.00 
7 0 0 1 1 3 11.20 3.70 
8 0 0 1 3 3 13.71 0.00 
14 1 0 1 2 1 10.50 0.00 
15 0 0 1 1 1 11.73 0.00 
16 0 0 1 1 3 6.91 0.00 
18 0 0 1 1 1 15.95 0.09 
19 0 0 1 1 1 23.39 4089.85 
20 0 0 1 1 3 5.80 0.00 
22 0 0 1 1 1 14.79 0.00 
23 0 0 1 1 1 13.07 176.31 
28 0 0 1 1 1 15.02 5.24 
35 0 0 1 1 2 6.66 0.00 
36 0 0 1 1 1 14.92 0.04 
38 0 0 1 1 1 38.61 0.00 
40 0 0 1 1 1 15.35 138.97 
42 0 0 1 1 1 2.48 18.79 
43 0 0 1 1 1 12.46 0.00 
44 0 0 1 1 3 9.53 0.00 
47 0 0 1 1 2 4.37 0.00 
58 0 0 1 1 2 4.43 0.00 
60 1 0 1 2 1 17.83 0.00 
61 0 0 1 1 2 9.69 0.00 
63 1 0 1 1 1 18.24 114.07 
64 1 0 1 1 1 19.82 0.00 
65 1 0 1 1 1 18.24 114.07 
68 0 0 1 1 1 1.42 0.00 
69 0 0 1 1 1 11.63 644.04 
70 0 0 1 1 2 4.35 0.09 
71 0 0 1 1 2 13.97 0.00 
72 0 0 1 1 1 13.04 0.00 
74 0 0 1 1 1 9.21 0.10 
77 0 0 1 1 1 12.11 1039.84 
78 0 0 1 1 2 2.15 0.00 
79 0 0 1 1 3 10.18 0.00 
80 0 0 1 1  16.95 0.00 
81 0 0 1 3  16.57 0.00 
82 0 0 1 1 2 7.58 185.72 
83 0 0 1 1 3 19.35 285.66 
86 0 0 1 1 3 9.50 0.00 
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Subject O3 PM2.5 
AA 
PM2.5 
24hr 
TD MP-SN MR IMW 
4 0.05 8.73 31.81 56143 41.9 2.7 45.39 
7 0.13 16.95 75.00 0 38.3 -0.6 45.99 
8 0.14 18.99 62.56 12216 43.2 1.7 44.39 
14 0.10 13.55 48.27 0 23.7 3.8 46.49 
15 0.20 26.43 101.30 0 34.4 3.9 46.09 
16 0.10 13.24 47.16 0 36.6 1.2 42.19 
18 0.07 8.00 31.35 16040 30.5 3.1 48.29 
19 0.18 26.94 90.80 15774 30.6 1.2 46.19 
20 0.15 18.50 67.33 0 36.8 3.3 45.59 
22 0.11 13.90 55.83 17565 40.6 3 47.2 
23 0.10 11.06 43.74 16040 42.6 1.6 43.29 
28 0.15 19.86 77.81 27678 43.8 2.7 44.79 
35 0.15 17.32 66.40 0 39.7 4.2 46.99 
36 0.19 24.37 98.80 196309 43.4 -3.4 44.79 
38 0.13 15.56 64.20 24194 31.8 1 45.29 
40 0.22 29.91 107.79 0 35.5 2.2 44.89 
42 0.10 10.58 39.44 0 29.1 7.4 48.89 
43 0.12 15.20 53.74 0 33.4 2.6 47.29 
44 0.15 17.96 65.36 4835 36.3 -0.7 44.59 
47 0.03 3.01 12.14 2172 27.6 3.9 46.69 
58 0.06 6.53 25.74 0 39.2 3.7 44.09 
60 0.14 17.22 64.83 58856 38.6 1 49.19 
61 0.15 18.25 69.84 0 32.6 2.6 47.49 
63 0.14 16.73 63.15 0 26 3.6 46.39 
64 0.14 15.97 61.12 4835 28.1 2.2 44.29 
65 0.14 15.97 61.12 0 24.4 3.6 46.29 
68 0.03 2.12 7.13 0 30.7 2.6 44.79 
69 0.14 14.94 58.14 0 33 2.6 41.2 
70 0.14 16.15 58.47 0 33.1 2.6 48.59 
71 0.09 9.15 35.11 30623 41 2.8 46.19 
72 0.09 10.04 34.78 67454 30.9 3.9 47.59 
74 0.14 16.58 60.56 15774 24.8 2 47.19 
77 0.14 16.75 59.96 0 40.3 -0.9 44.59 
78 0.13 12.61 49.22 0 43.2 3.7 43.59 
79 0.14 13.91 54.21 0 34.1 3.3 48.89 
80 0.08 9.64 36.50 31578 31.9 -0.3 40.79 
81 0.07 8.29 32.89 40368 32.9 3.4 46.09 
82 0.14 14.54 54.12 0 38 0.6 51.29 
83 0.13 14.74 55.34 40988 32.1 3.8 42.59 
86 0.03 3.23 11.77 0 28.4 3.4 47.59 
 
 
 
66 
 
Subject Age Gender Ethnicity Yrs w/ 
Smoker 
Indoor 
Pets 
Heating 
Used 
Other 
Heating 
Asthma 
87 13.9 1 1 1 1 1 2 0 
88 15.5 2 1 1 1 1 2 0 
92 14.5 1 1 3 1 1 0 0 
93 15.6 2 1 1 1 1 0 1 
94 11.7 1 2 1 1 1 0 0 
99 10.8 2 2 1 1 1 2 0 
101 12.9 2 2 1 1 1 0 0 
103 12.8 2 2 2 1 1 0 1 
107 14.2 1 2 3 1 1 0 0 
108 15.0 2 1 1 1 1 0 0 
113 15.5 2 1 1 2 1 0 0 
116 14.0 1 1 1 1 1 2 0 
118 15.0 1 5 1 1 1 0 0 
120 12.4 2 1 1 1 1 0 0 
125 14.1 2 5 2 1 1 2 0 
126 14.1 1 1 5 1 1 0 1 
133 13.2 1 1 5 1 1 0 0 
135 15.7 1 1 1 1 1 0 0 
139 13.7 2 2 1 1 4 0 0 
140 10.1 1 1 1 1 1 0 0 
141 15.0 1 1 1 1 1 0 1 
143 12.4 1 2 1 1 1 0 1 
145 12.8 2 5 1 1 1 0 0 
152 14.1 1 1 1 2 1 0 0 
158 14.1 2 5  1 1 0 0 
160 15.3 2 2 4 1 1 0 0 
161 12.9 2 4 1 2 1 0 0 
162 14.8 1 1 1 2 1 0 0 
164 12.2 1 1 4 1 1 2 0 
165 12.0 1 1 1 1 1 0 1 
171 13.5 2 1 1 1 1 0 0 
173 15.9 2 1 1 2 1 0 0 
174 13.7 2 5 3 1 1 2 0 
176 14.9 2 2 2 1 1 0 0 
181 13.7 2 1 2 1 1 0 0 
184 15.5 2 1 5 1 1 2 0 
186 13.0 2 1 3 1 2 0 1 
196 12.2 2 2 1 2 1 0 1 
197 12.4 2 1 1 2 1 0 0 
203 14.6 2 1 1 1 1 2 1 
 
 
 
67 
 
Subject Allergies Bronchitis Pneumonia Other 
Breathing 
Problems 
Fam. 
His. 1 
Fam. 
His. 2 
Fam. 
His. 3
87 1 0 0 0 0 1 0 
88 1 0 0 0 0 1 0 
92 0 0 0 0 0 0 0 
93 0 0 0 0 1 0 0 
94 0 0 0 0 0 0 0 
99 1 0 0 0 1 1 1 
101 1 0 0 0 0 1 0 
103 1 1 1 0 1 0 0 
107 0 0 0 0 1 1 0 
108 0 0 0 0 0 0 0 
113 0 0 0 0 0 1 0 
116 1 0 0 0 1 1 1 
118 0 0 0 0 0 0 0 
120 0 0 0 0 0 1 0 
125 0 0 0 0 0 0 0 
126 1 0 0 0 1 1 0 
133 0 0 0 0 0 0 0 
135 0 0 0 0 0 0 0 
139 0 0 0 0 0 0 0 
140 0 0 0 0 1 0 0 
141 1 1 0 0 0 0 0 
143 0 0 0 0 0 1 0 
145 1 0 0 0 0 0 0 
152 1 0 0 0 0 1 0 
158 0 0 0 0 0 0 0 
160 0 0 0 0 1 0 0 
161 0 0 0 0 0 0 0 
162 0 0 0 0 0 1 0 
164 0 0 0 0 0 1 0 
165 1 0 0 0 1 1 0 
171 1 0 0 0 0 1 0 
173 0 0 0 0 0 0 0 
174 0 0 0 0 1 1 0 
176 0 0 0 0 0 0 0 
181 0 0 0 0 1 1 1 
184 1 0 0 0 0 1 0 
186 1 0 0 0 1 1 1 
196 0 0 0 0 0 0 0 
197 0 0 0 5 0 0 0 
203 1 0 0 0 1 1 0 
 
 
68 
 
Subject Fam. His. 
4 
Fam. His. 
5 
Smoker Thumb 
Sucking 
Hrs 
Outside 
Road 
Density 
TRI Life
87 0 0 1 1 3 2.14 0.00 
88 0 0 1 2 3 2.14 0.00 
92 0 0 1 1 2 7.27 0.00 
93 0 0 1 1 2 26.66 0.00 
94 0 0 1 1 1 5.11 0.35 
99 0 0 1 1 1 6.14 0.00 
101 0 0 1 1 2 30.24 2.79 
103 0 0 1 1 1 18.95 0.00 
107 0 0 1 2 2 30.78 21.01 
108 0 0 1 1 2 22.15 1281.98 
113 0 0 1 3 3 5.38 0.00 
116 1 0 1 1 2 20.74 0.07 
118 0 0 1 1 2 16.03 586.81 
120 0 0 1 1 2 19.52 0.00 
125 0 0 1 3 2 7.73 0.00 
126 0 0 1 1 3 6.18 0.00 
133 0 0 1 1 2 13.55 0.00 
135 0 0 1 1 2 25.04 1307.32 
139 0 0 1 2 1 5.09 188.51 
140 0 0 1 1 3 25.00 0.00 
141 0 0 1 1 2 13.88 19.91 
143 0 0 1 1 1 12.83 0.66 
145 0 0 1 1 1 20.15 523.34 
152 0 0 1 2 1 19.38 1625.13 
158 0 1 1 1 2 13.70 0.05 
160 0 0 1 1 3 6.63 0.00 
161 0 0 1 1 2 4.75 0.09 
162 0 0 1 1 1 6.36 0.00 
164 0 0 1 1 2 6.76 0.00 
165 0 0 1 1  7.07 0.00 
171 0 0 1 1 2 14.76 1167.71 
173 0 0 1 1 2 10.21 0.00 
174 0 0 1 1 1 7.55 0.00 
176 0 0 1 1 1 6.08 1348.51 
181 0 0 1 1 2 0.45 0.00 
184 0 0 1 1 2 7.74 0.00 
186 0 0 1 1 2 7.17 0.00 
196 0 0 1 1 2 8.07 0.00 
197 0 0 1 1 2 14.38 0.14 
203 0 0 1 2 1 46.53 4249.18 
 
 
 
69 
 
Subject O3 PM2.5 
AA 
PM2.5 
24hr 
TD MP-SN MR IMW 
87 0.07 8.60 33.01 0 31.9 1.8 45.39 
88 0.10 13.95 55.28 0 36.2 2.8 40.89 
92 0.11 15.00 58.35 0 33 3.3 44.99 
93 0.15 17.15 67.18 12626 33.8 3.5 41.99 
94 0.06 6.72 24.53 0 31.2 3.6 47.79 
99 0.15 17.33 62.77 2627 34.1 3.3 46.99 
101 0.24 23.59 88.80 22682 32.9 -1.5 51.99 
103 0.10 6.85 30.09 120877 32.2 2.1 43.29 
107 0.15 15.29 49.28 191788 35.3 0.1 46.19 
108 0.09 10.34 37.44 0 36.9 3.2 42.69 
113 0.11 15.52 62.18 0 36.6 2.2 43.99 
116 0.17 18.36 61.33 141764 31.3 3 46.99 
118 0.13 17.36 72.69 143629 28.8 4.2 45.79 
120 0.12 17.03 64.37 40950 37.3 4.3 48.19 
125 0.13 10.19 39.05 2172 34.2 0.3 44.49 
126 0.17 19.79 69.26 0 31.7 5.1 51.79 
133 0.16 19.48 69.89 42054 39.8 2.4 47.99 
135 0.11 13.44 48.43 15236 30.3 1.4 45.79 
139 0.12 13.85 50.63 0 41 0.3 44.19 
140 0.09 11.40 44.34 141764 31.1 2.6 44.69 
141 0.15 18.86 65.98 3166 36.5 4.1 45.79 
143 0.12 14.06 52.08 6196 32.5 0.3 50.69 
145 0.17 19.11 70.05 83240 32.5 2.3 47.09 
152 0.14 15.55 52.63 70286 29.1 2.4 53.39 
158 0.11 13.17 51.13 41235 22.7 0.8 46.19 
160 0.15 16.66 62.77 10644 38.1 3.8 40.79 
161 0.14 14.84 55.35 16040 32 2.4 46.49 
162 0.09 9.02 33.92 0 34.4 3 47.29 
164 0.15 16.12 61.69 64743 37.8 2.8 45.39 
165 0.15 15.92 61.66 0 35.9 2.4 44.09 
171 0.11 16.49 65.92 99687 38.5 1.3 43.39 
173 0.12 13.13 48.92 1786 29.6 -0.2 43.89 
174 0.14 17.12 66.30 1649377 31.3 4.8 42.89 
176 0.17 18.15 65.37 15236 37.7 4 46.49 
181 0.11 6.23 30.65 0 33.6 1.5 46.49 
184 0.13 12.37 46.22 0 35.5 4.1 47.99 
186 0.18 19.16 67.97 0 33.9 0.5 42.19 
196 0.15 16.28 60.27 0 31.7 6.5 50.19 
197 0.07 6.82 26.21 8043 37.2 2.1 44.79 
203 0.17 20.49 72.52 70743 30 -1.9 45.59 
 
 
 
70 
 
Subject Age Gender Ethnicity Yrs w/ 
Smoker 
Indoor 
Pets 
Heating 
Used 
Other 
Heating 
Asthma 
204 14.1 2 5 1 1 1 0 0 
205 10.3 2 1 1 1 1 0 0 
207 14.0 2 2 3 1 1 0 0 
208 15.5 2 1 1 1 1 0 0 
209 13.6 2 1 1 1 1 0 0 
216 10.0 1 1 1 2 1 0 1 
219 14.5 2 3 2 2 1 0 0 
222 15.0 2 3 1 2 0 0 0 
225 13.4 1 5 1 1 1 0 0 
228 15.1 1 1 1 1 1 0 1 
230 15.6 2 1 5 1 1 0 0 
238 12.0 2 5 1 1 1 0 1 
245 13.5 2 1 5 1 1 0 0 
246 11.1 2 1 5 1 1 0 0 
252 15.9 2 2 1 2 1 0 0 
254 15.7 1 1 1 1 1 0 1 
257 14.0 2 2 1 2 1 0 0 
259 12.8 2 2 1 2 1 0 0 
269 13.8 2 2 1 2 1 2 0 
270 15.6 2 2 3 2 1 0 0 
271 14.7 1 2 1 1 2 0 1 
275 15.8 2 2 1 2 1 0 0 
277 11.9 2 1 1 1 1 0 0 
278 14.7 2 1 1 2 1 0 0 
286 14.8 2 2 1 2 1 2 0 
289 14.6 1 2 5 1 1 0 0 
290 14.6 1 2 5 1 1 0 0 
292 13.3 2 5 1 1 1 0 1 
294 12.5 2 1 3 1 1 0 0 
296 13.5 2 2 1 1 4 0 1 
299 15.3 1 2 1 1 1 0 0 
300 14.9 1 1 1 1 1 2 0 
302 15.7 2 1 1 1 1 0 1 
306 10.5 2 1 1 1 1 0 0 
310 15.6 1 1 4 1 1 2 1 
316 15.5 2 1 3 1 1 0 0 
317 13.7 2 1 5 1 1 0 0 
318 15.5 1 1 3 1 1 0 1 
320 11.9 1 2 1 2 1 0 0 
321 14.7 1 2 1 1 1 0 0 
 
 
 
71 
 
Subject Allergies Bronchitis Pneumonia Other 
Breathing 
Problems 
Fam. 
His. 1 
Fam. 
His. 2 
Fam. 
His. 3
204 0 0 0 0 0 0 0 
205 0 0 0 0 0 0 0 
207 1 0 0 0 0 1 0 
208 0 0 0 0 1 1 0 
209 0 0 0 0 1 1 0 
216 1 1 1 0 1 1 1 
219 0 0 0 0 0 0 0 
222 0 0 0 0 0 0 0 
225 0 0 0 0 0 0 0 
228 0 0 0 0 1 0 0 
230 1 0 0 0 0 0 0 
238 0 0 0 0 1 1 0 
245 0 0 0 0 0 0 0 
246 0 0 0 0 0 0 0 
252 1 0 0 0 0 0 0 
254 1 0 0 0 1 1 0 
257 0 0 0 0 0 0 0 
259 1 0 0 0 0 0 0 
269 0 0 0 0 0 0 0 
270 0 0 0 0 0 0 0 
271 0 0 0 0 0 1 0 
275 0 0 0 0 0 0 0 
277 0 0 0 0 0 1 0 
278 0 0 0 0 0 0 0 
286 0 0 0 0 0 0 0 
289 0 0 0 0 0 0 0 
290 0 0 0 0 0 0 0 
292 0 0 0 0 1 1 0 
294 1 1 0 0 0 1 0 
296 1 0 0 0 1 0 0 
299 0 0 0 0 0 1 0 
300 1 0 0 0 0 0 0 
302 1 0 0 0 1 1 0 
306 0 0 0 0 1 0 0 
310 0 1 1 0 1 0 0 
316 0 0 0 0 0 0 0 
317 0 0 0 0 0 0 0 
318 1 0 0 0 1 1 1 
320 0 0 0 0 0 0 0 
321 0 0 0 0 1 0 0 
 
 
72 
 
Subject Fam. His. 
4 
Fam. His. 
5 
Smoker Thumb 
Sucking 
Hrs 
Outside 
Road 
Density 
TRI Life 
204 0 0 1 1 1 16.29 0.00 
205 0 0 1 3 3 6.41 0.00 
207 0 0 1 1 1 23.13 6060.99 
208 0 0 1 2 3 9.18 20558.02 
209 0 0 1 1 2 6.90 24598.28 
216 0 0 1 1 2 7.14 40025.47 
219 0 0 1 1 3 17.07 0.11 
222 0 0 1 1 1 15.30 0.00 
225 0 0 1 1 3 14.25 0.00 
228 0 0 1 1 3 4.00 0.00 
230 0 0 1 3 1 20.38 0.25 
238 0 0 1 1 2 12.82 59.97 
245 0 0 1 2 2 13.70 0.00 
246 0 0 1 2 2 13.75 0.00 
252 0 0 1 1 3 15.09 0.00 
254 0 0 1 1 2 10.54 0.00 
257 0 0 1 1 1 23.60 19365.45 
259 0 0 1 3 1 19.28 0.10 
269 0 0 1 1  16.27 1307.32 
270 0 0 2 2 2 29.83 0.28 
271 0 0 1 1 2 4.98 0.07 
275 0 0 1 1 2 0.56 0.00 
277 0 0 1 1 2 12.42 27.02 
278 0 0 1 1 2 17.58 0.00 
286 0 0 1 1 2 23.80 5829.21 
289 0 0 1 1  14.49 0.00 
290 0 0 1 1  14.49 0.00 
292 1 0 2 1 1 8.04 0.00 
294 0 0 1 1 2 14.68 0.00 
296 0 0 1 1 2 11.53 4.42 
299 0 0 1 1 3 43.43 13.93 
300 0 0 1 3 2 5.09 0.00 
302 0 0 1 3 3 5.83 0.00 
306 0 0 1 3 1 4.19 0.00 
310 0 0 1 4 1 15.13 0.00 
316 0 0 1 1 3 16.08 466.21 
317 0 0 1 3  25.38 0.00 
318 0 0 3 1 2 8.90 0.00 
320 0 0 1 1 2 20.91 0.00 
321 0 0 1 1 1 10.83 0.43 
 
 
 
73 
 
Subject O3 PM2.5 
AA 
PM2.5 
24hr 
TD MP-SN MR IMW 
204 0.13 14.21 52.65 0 27.4 3.6 44.99 
205 0.13 16.77 58.12 0 32.6 2.4 44.29 
207 0.17 19.70 69.53 50010 47.2 0.7 43.89 
208 0.15 17.53 61.80 4835 24.4 2 45.7 
209 0.15 18.09 64.24 16519 38.5 1.6 42.79 
216 0.11 10.66 36.99 0 40.2 1.1 43.29 
219 0.15 16.32 61.65 13009 40.4 4.2 48.99 
222 0.13 16.78 59.20 31246 51.8 3 42.89 
225 0.12 13.76 55.22 69119 39.9 2.5 47.79 
228 0.14 14.96 55.50 0 32.5 3.7 49.99 
230 0.17 19.78 73.20 4835 33 -8.8 41.29 
238 0.15 17.55 65.81 10784 27.4 3.3 47.29 
245 0.07 4.57 20.13 8929 30.8 0.4 39.79 
246 0.07 4.58 20.16 8929 23.7 2.7 46.59 
252 0.22 24.25 86.15 55350 41 2.2 46.99 
254 0.12 15.44 50.45 0 26.9 0.4 42.09 
257 0.12 17.31 59.32 43246 41.4 3.4 51.69 
259 0.15 18.28 65.92 15774 31.4 3.3 46.49 
269 0.12 13.17 49.95 15236 30.3 2 43.49 
270 0.13 14.58 51.99 176536 37.8 4.6 46.29 
271 0.06 6.28 22.89 13749 28.6 2.6 44.09 
275 0.13 11.76 40.21 0 27.9 2.6 47.79 
277 0.17 18.34 67.34 17795 35.6 -0.8 42.49 
278 0.14 17.70 69.59 90765 27.6 3 46.09 
286 0.19 21.82 80.15 177469 35.2 3.7 46.7 
289 0.14 17.87 60.28 0 36 3.1 44.89 
290 0.14 18.07 60.80 0 25.9 0.6 49.29 
292 0.15 16.96 64.50 0 22.9 3.2 46.19 
294 0.21 22.29 83.87 319628 34.6 4.6 45.99 
296 0.09 12.18 47.73 0 35.9 -3.3 45.79 
299 0.13 14.73 56.94 98846 29 3.2 49.79 
300 0.20 17.33 61.23 0 32 -1.7 38.59 
302 0.11 6.01 29.61 2172 31.5 3.3 48.99 
306 0.14 16.27 58.77 0 29 2.6 49.2 
310 0.10 9.78 35.93 37194 35.5 2.2 48.09 
316 0.13 15.45 58.30 48706 20.3 0.3 45.09 
317 0.05 5.71 21.73 29391 33.8 2.4 45.59 
318 0.10 12.40 43.39 0 28.4 2.6 50.09 
320 0.15 17.47 63.00 74528 30.6 7.5 49.69 
321 0.05 6.48 24.68 20102 39.8 0.6 49.89 
 
 
 
74 
 
Subject Age Gender Ethnicity Yrs w/ 
Smoker 
Indoor 
Pets 
Heating 
Used 
Other 
Heating 
Asthma 
323 15.1 2 1 1 1 1 0 0 
329 11.6 2 2 1 2 0 0 0 
335 15.4 1 1 3 1 1 0 0 
337 13.2 1 3 1 1 1 0 0 
338 14.6 1 2 1 2 1 0 1 
342 11.6 2 5 1 1 1 0 0 
343 13.4 2 2 1 2 1 0 0 
346 14.8 1 2 1 2 1 0 0 
354 14.7 2 5 1 1 1 2 0 
357 12.8 2 2 1 2 1 4 0 
358 10.9 2 2 1 2 0 0 0 
362 12.1 1 2 3 1 1 0 0 
364 12.7 2 2 1 2 1 0 0 
367 13.6 2 2 1 2 1 0 0 
370 12.9 2 1 1 1 1 2 0 
371 12.6 2 5 1 1 1 0 0 
374 14.1 2 2 1 2 1 0 0 
376 14.7 1 2 1 1 1 2 0 
377 13.9 1 1 1 1 1 4 0 
378 14.0 2 2 1 1 1 0 0 
379 14.4 1 1 1 1 1 0 0 
380 13.4 2 2 1 1 1 0 0 
387 12.9 2 1 4 1 1 2 0 
389 12.6 1 1 2 1 1 2 0 
395 14.2 1 1 1 1 1 0 0 
396 14.9 2 5 1 1 4 0 1 
402 15.5 1 5 1 2 4 0 0 
404 14.8 1 1 1 1 1 0 0 
407 13.5 2 1 1 1 1 2 0 
409 11.3 1 1 1 1 1 0 0 
411 11.1 2 1 5 1 1 2 0 
417 12.3 1 3 1 1 1 0 0 
418 15.4 2 1 1 1 4 0 0 
419 15.4 2 1 1 1 4 0 0 
425 12.0 2 1 3 1 1 0 0 
427 15.7 1 1 1 1 1 0 1 
432 14.4 1 2 1 1 1 0 0 
434 15.8 2 2 1 2 1 0 0 
435 14.1 2 2 1 1 1 0 1 
436 14.0 1 2 1 2 1 2 1 
 
 
 
75 
 
Subject Allergies Bronchitis Pneumonia Other 
Breathing 
Problems 
Fam. 
His. 1 
Fam. 
His. 2 
Fam. 
His. 3
323 0 0 0 0 0 0 0 
329 0 0 0 0 0 0 0 
335 0 0 0 0 0 0 0 
337 1 1 0 0 0 1 1 
338 0 0 0 0 0 0 0 
342 0 0 0 0 0 1 0 
343 0 0 0 0 0 0 0 
346 0 0 0 0 0 0 0 
354 0 0 0 0 1 0 1 
357 0 0 0 0 0 0 0 
358 0 0 0 0 0 0 0 
362 0 0 0 0 0 0 0 
364 0 0 0 0 0 0 0 
367 0 0 0 0 0 0 0 
370 0 0 0 0 0 0 0 
371 0 1 1 0 1 0 0 
374 0 0 0 0 0 0 0 
376 1 0 0 0 0 1 0 
377 0 0 0 0 1 0 0 
378 0 0 0 0 0 0 0 
379 0 0 0 0 0 0 0 
380 0 0 0 0 0 0 0 
387 1 0 0 0 0 1 0 
389 1 0 0 0 0 0 0 
395 1 0 0 0 0 1 0 
396 1 0 0 0 1 1 0 
402 0 0 0 0 0 0 1 
404 1 0 0 0 1 1 1 
407 1 0 0 0 0 1 0 
409 0 0 0 0 0 0 0 
411 1 0 0 0 0 0 0 
417 0 0 0 0 0 0 0 
418 0 0 0 0 1 0 0 
419 0 0 0 0 1 0 0 
425 0 0 1 0 0 0 0 
427 1 0 0 0 1 1 0 
432 0 0 0 0 0 0 0 
434 0 0 0 0 0 0 0 
435 0 0 0 0 0 1 0 
436 1 1 0 0 0 0 0 
 
 
76 
 
Subject Fam. His. 
4 
Fam. His. 
5 
Smoker Thumb 
Sucking 
Hrs 
Outside 
Road 
Density 
TRI Life 
323 0 0 1 1 2 6.53 0.00 
329 0 0 1 1 1 8.58 67.60 
335 0 0 1 1  9.92 217.55 
337 0 0 1 1 3 8.30 1917.87 
338 0 0 1 1 3 23.43 9079.65 
342 0 0 1 1 1 14.79 0.00 
343 0 0 1 1 1 38.88 1717.12 
346 0 0 1 1 1 20.78 7.86 
354 1 0 1 1 1 9.03 0.91 
357 0 0 1 1 2 24.16 5.97 
358 0 0 1 1 2 6.61 134.39 
362 0 0 1 1 2 15.93 168.00 
364 0 0 1 1 2 19.13 0.00 
367 0 0 1 1 3 6.32 0.00 
370 0 0 1 1 2 10.53 0.00 
371 1 0 1 1 2 15.59 0.00 
374 0 0 1 1 1 19.59 4.85 
376 0 0 1 1 3 40.85 1307.32 
377 0 0 1 1 2 23.47 0.00 
378 0 0 1 2 2 13.48 12599.64 
379 0 0 1 1 1 7.07 0.00 
380 0 0 1 1 2 0.48 0.00 
387 0 0 1 1 1 3.36 0.00 
389 0 0 1 1 2 7.43 0.00 
395 0 0 1 1 2 17.99 0.00 
396 0 0 1 1 2 4.64 0.00 
402 0 0 1 1 2 34.59 192.82 
404 0 0 1 1 2 8.07 0.00 
407 0 0 1 1 2 4.40 0.00 
409 0 0 1 3 3 32.03 17.19 
411 0 0 1 3 3 6.92 0.00 
417 0 0 1 1 2 15.13 0.00 
418 0 0 1 1 2 9.94 12.85 
419 0 0 1 1 2 9.94 12.85 
425 0 0 1 1 2 3.91 0.00 
427 0 0 1 1 1 9.21 0.09 
432 0 0 1 1 1 11.53 0.91 
434 0 0 1 1 1 8.14 0.00 
435 0 0 1 1 1 10.41 1161.17 
436 0 0 1 1 1 19.95 0.00 
 
 
 
77 
 
Subject O3 PM2.5 
AA 
PM2.5 
24hr 
TD MP-SN MR IMW 
323 0.10 10.45 40.19 0 47.6 3.9 44.49 
329 0.13 17.47 70.33 38952 28.4 2.5 45.09 
335 0.14 16.78 73.87 0 20.5 -0.1 44.99 
337 0.13 17.44 68.51 0 39.3 4.6 45.79 
338 0.16 20.31 74.74 95880 37.2 -2.6 43.89 
342 0.13 16.24 56.98 0 38.6 1.4 44.89 
343 0.06 8.49 29.73 255585 35.3 3.4 44 
346 0.21 26.96 92.84 48707 33.5 4.3 44.39 
354 0.13 13.02 50.68 0 31 1.6 46.29 
357 0.15 16.28 62.61 41771 33 3.8 49.69 
358 0.10 12.35 46.37 0 28.5 2.3 40.69 
362 0.09 11.86 39.62 15477 39.8 1.8 47.39 
364 0.12 16.62 53.83 0 39.4 1.4 43.39 
367 0.15 17.26 64.95 0 38.3 3.6 46.99 
370 0.14 17.45 58.58 16767 37.7 -0.3 40.99 
371 0.17 21.06 72.64 0 28.7 -1.9 41.79 
374 0.14 17.77 59.75 15774 28 2.4 45.89 
376 0.14 18.10 62.22 156604 36.7 3.8 48.89 
377 0.18 20.37 73.96 21032 34.6 2.1 45.49 
378 0.14 18.20 59.93 88397 38 2.8 47.49 
379 0.15 16.37 57.34 0 31.1 5.3 50.19 
380 0.07 7.40 19.06 6688 32.2 1.9 41.79 
387 0.13 12.81 41.44 0 32.5 4 47.69 
389 0.12 13.07 46.67 0 30.5 1.9 43.49 
395 0.10 12.04 43.23 4835 31.8 0.6 45.49 
396 0.08 5.33 23.20 15203 24.1 3.9 48.09 
402 0.13 18.06 61.61 73278 31.8 3.7 52.39 
404 0.15 16.74 63.06 7475 23.5 1.9 48.39 
407 0.17 19.60 69.14 0 25.5 1.5 44.89 
409 0.16 19.35 66.28 34713 35.8 -1.1 44.49 
411 0.14 14.56 53.56 0 37.1 4 44.19 
417 0.14 18.01 59.30 0 40.2 3.8 48.99 
418 0.09 12.56 58.44 8882 44.3 -4.1 40.09 
419 0.09 12.60 58.55 8882 38.5 -3.4 41.09 
425 0.13 11.11 38.44 7305 39.4 -0.7 42.99 
427 0.15 16.13 61.19 16040 35.9 4 46.49 
432 0.15 17.24 63.34 9336 28.1 2 49.59 
434 0.15 15.52 55.46 0 40.8 0.8 47.09 
435 0.12 17.50 69.21 12365 45.3 -0.9 43.59 
436 0.07 8.74 30.47 93986 42.9 3.5 45.09 
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Subject Age Gender Ethnicity Yrs w/ 
Smoker 
Indoor 
Pets 
Heating 
Used 
Other 
Heating 
Asthma 
437 14.0 1 2 1 2 1 2 1 
440 15.0 1 5 2 1 1 0 0 
441 14.2 1 2 1 2 0 0 0 
444 13.3 2 2 1 2 1 0 0 
445 14.8 1 2 1 2 0 0 0 
446 12.6 2 1 1 2 1 0 0 
453 13.2 2 1 1 1 1 2 0 
454 14.5 1 1 1 1 1 2 0 
458 15.1 2 1 1 2 1 2 0 
459 13.7 1 3 1 1 1 0 0 
463 15.9 2 5 1 1 2 4 1 
464 15.4 2 1 1 1 1 0 0 
470 15.0 2 2 1 1 1 4 1 
471 10.1 2 2 1 2 1 0 0 
472 12.6 2 2 1 2 1 0 0 
473 15.4 2 2 1 1 1 0 0 
474 9.2 1 1 1 1 1 0 1 
475 9.7 2 1 1 1 1 0 1 
477 11.9 2 1 1 2 1 0 0 
 
Subject Allergies Bronchitis Pneumonia Other 
Breathing 
Problems 
Fam. 
His. 1 
Fam. 
His. 2 
Fam. 
His. 3
437 1 1 0 5 0 0 0 
440 0 0 0 0 0 0 0 
441 0 0 0 0 1 0 0 
444 0 0 0 0 0 0 0 
445 0 0 0 0 0 0 0 
446 0 0 0 0 0 0 0 
453 0 0 0 0 0 0 0 
454 0 0 0 0 0 0 0 
458 0 0 0 0 0 0 0 
459 1 0 0 0 0 1 0 
463 0 0 0 0 1 1 1 
464 0 0 0 0 0 0 0 
470 1 1 1 0 1 1 0 
471 0 0 0 0 0 0 0 
472 0 0 0 0 0 0 0 
473 1 0 0 0 0 1 0 
474 1 0 0 0 0 1 0 
475 0 1 0 0 1 1 1 
477 0 0 0 0 0 0 0 
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Subject Fam. His. 
4 
Fam. His. 
5 
Smoker Thumb 
Sucking 
Hrs 
Outside 
Road 
Density 
TRI Life 
437 0 0 1 1 1 19.95 0.00 
440 0 0 1 1 2 26.65 0.00 
441 0 0 1 1  11.80 151.43 
444 0 0 1 1 1 16.82 2890.26 
445 0 0 1 1 3 10.36 0.00 
446 0 0 1 3 3 20.37 0.00 
453 0 0 1 1 3 5.23 0.00 
454 0 0 1 1 3 5.53 0.00 
458 0 0 1 2 1 4.69 0.00 
459 0 0 1 1 2 16.12 0.00 
463 1 1 1 1 2 7.17 0.00 
464 0 0 1 1 2 2.18 0.00 
470 0 0 1 1 1 8.01 23822.07 
471 0 0 1 1 1 23.23 1490.28 
472 0 0 1 1 1 22.33 4040.26 
473 0 0 1 3 1 12.36 1031.99 
474 0 0 1 1 2 16.50 0.01 
475 0 0 1 1 1 17.35 0.00 
477 0 0 1 1 3 7.95 114.07 
 
Subject O3 PM2.5 
AA 
PM2.5 
24hr 
TD MP-SN MR IMW 
437 0.06 6.98 26.38 93986 41.2 3.5 44.19 
440 0.15 17.03 61.68 4835 34.2 4.9 51.99 
441 0.14 18.39 63.60 0 30.9 -2.4 47.59 
444 0.19 25.30 88.73 15774 34.3 -6.6 39.69 
445 0.15 17.39 64.83 19489 38.8 3.7 47.09 
446 0.16 18.23 68.80 71843 20.9 -4.2 42.89 
453 0.09 5.36 24.94 0 25.6 4.1 47.59 
454 0.08 5.05 24.93 2172 34.9 4.4 48.49 
458 0.05 5.47 20.98 0 32.5 0.4 43.19 
459 0.13 18.79 71.61 0 34.4 4 47.49 
463 0.07 7.75 21.56 42825 34.1 1.7 45.89 
464 0.13 11.19 39.90 0 32.3 2.2 43.89 
470 0.14 18.27 67.65 4565 30.8 -0.6 44.89 
471 0.15 18.39 65.25 14757 38.7 6.3 47.39 
472 0.15 18.13 64.59 16519 31.4 4.4 45.09 
473 0.13 18.33 67.14 42716 33.3 -0.5 43.79 
474 0.09 7.94 28.05 0 39.6 -0.5 43.89 
475 0.11 14.87 49.48 76072 32.8 1.8 44.09 
477 0.15 17.72 63.95 0 36.8 0 41.89 
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Subject MP-SN MP-SN  
2nd Measure 
MR MR 
2nd Measure 
IMW IMW 
2nd Measure 
4 41.9 40 2.7 2.7 45.4 45.3 
14 23.7 24.2 3.8 3.6 46.5 46.5 
28 43.8 44.7 2.7 2.6 44.8 44.7 
36 43.4 43.7 -3.4 -3.4 44.8 44.5 
38 31.8 32.6 1 1 45.3 45.2 
40 35.5 35.6 2.2 2.1 44.9 44.9 
43 33.4 33.1 2.6 2.8 47.3 47.3 
60 38.6 40 1 0.8 49.2 49.3 
64 28.1 29.9 2.2 2 44.3 44.1 
65 24.4 24.5 3.6 3.7 46.3 47 
74 24.8 27 2 1.9 47.2 47.2 
80 31.9 32 -0.3 -0.4 40.8 40.7 
81 32.9 32.6 3.4 3.6 46.1 46 
82 38 37.1 0.6 0.5 51.3 51.5 
83 32.1 32.1 3.8 3.6 42.6 42.5 
86 28.4 27.6 3.4 3.4 47.6 47.4 
87 31.9 31.9 1.8 1.8 45.4 45.6 
92 33 32.3 3.3 3.4 45.0 44.8 
101 32.9 32.6 -1.5 -1.4 52.0 52 
116 31.3 30.6 3 2.9 47.0 46.9 
126 31.7 31.3 5.1 5 51.8 51.5 
133 39.8 38.8 2.4 2.5 48.0 47.7 
139 41 38.8 0.3 0.1 44.2 43.8 
140 31.1 30.6 2.6 2.7 44.7 44.7 
165 35.9 36.6 2.4 2.5 44.1 43.9 
174 31.3 31.4 4.8 4.7 42.9 42.5 
197 37.2 37.3 2.1 2.2 44.8 44.8 
204 27.4 27.3 3.6 3.6 45.0 44.6 
230 33 32.8 -8.8 -8.9 41.3 41.4 
238 27.4 27.6 3.3 3.4 47.3 47.2 
245 30.8 31.9 0.4 0.4 39.8 39.7 
246 23.7 23.2 2.7 2.6 46.6 46.4 
252 41 41.1 2.2 2.2 47.0 47 
257 41.4 41.4 3.4 3.5 51.7 51.7 
259 31.4 31.8 3.3 3.5 46.5 46.2 
269 30.3 30.4 2 1.9 43.5 43.2 
270 37.8 37.3 4.6 4.7 46.3 46.5 
271 28.6 28.8 2.6 2.5 44.1 44.2 
290 25.9 25.6 0.6 0.7 49.3 49.4 
299 29 28.7 3.2 3.2 49.8 49.7 
300 32 31.9 -1.7 -1.8 38.6 38.3 
306 29 28.9 2.6 2.6 49.2 49.1 
316 20.3 20.2 0.3 0.3 45.1 44.9 
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Subject MP-SN MP-SN  
2nd Measure 
MR MR 
2nd Measure 
IMW IMW 
2nd Measure 
329 28.4 28.9 2.5 2.3 45.1 45.1 
338 37.2 36.7 -2.6 -2.6 43.9 43.7 
342 38.6 37.8 1.4 1.4 44.9 45 
346 33.5 33.7 4.3 4.1 44.4 44.6 
354 31 30.8 1.6 1.7 46.3 46.2 
376 36.7 37.3 3.8 3.9 48.9 48.8 
387 32.5 32.2 4 4 47.7 47.7 
396 24.1 24.2 3.9 3.9 48.1 48 
402 31.8 31.5 3.7 3.9 52.4 52.2 
418 44.3 44.3 -4.1 -4 40.1 40 
427 35.9 35.6 4 4 46.5 46.4 
435 45.3 45 -0.9 -0.8 43.6 43.4 
437 41.2 41 3.5 3.4 44.2 44 
458 32.5 32.3 0.4 0.4 43.2 43.3 
471 38.7 38.4 6.3 6.2 47.4 47.3 
473 33.3 33.5 -0.5 -0.6 43.8 43.8 
475 32.8 33.7 1.8 1.9 44.1 44 
Note: MP-SN is measured in degrees, MR and IMW are measured in mm. 
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